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Abstract: Binary search algorithm (BS) is a kind of important anti-collision algorithm in the Radio Frequency 
Identification (RFID), is also one of the key technologies which determine whether the information in the tag is 
identified by the reader-writer fast and reliably. The performance of BS directly affects the quality of service in 
Internet of Things. This paper adopts an automated formal technology: probabilistic model checking to analyze 
the performance of BS algorithm formally. Firstly, according to the working principle of BS algorithm, its 
dynamic behavior is abstracted into a Discrete Time Markov Chains which can describe deterministic, discrete 
time and the probability selection. And then on the model we calculate the probability of the data sent 
successfully and the expected time of tags completing the data transmission. Compared to the another typical 
anti-collision protocol S-ALOHA in RFID, experimental results show that with an increase in the number of 
tags the BS algorithm has a less space and time consumption, the average number of conflicts increases slower 
than the S-ALOHA protocol standard, BS algorithm needs fewer expected time to complete the data 
transmission, and the average speed of the data transmission in BS is as 1.6 times as the S-ALOHA protocol. 
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: RFID, Binary search algorithm, Probabilistic model checking, Discrete Time Markov Chains. 
 
 
 
1. Introduction 
 

RFID (Radio Frequency Identification), as one of 
the important technologies of the Internet of Things, 
is a kind of important wireless collection technology 
that can identify tag information quickly, timely and 
accurately, and can realize data exchange with it. It 
has been widely used in the fields such as logistics 
(goods reception and delivery) and storage, etc. In the 
real application of radio frequency identification 
systems, when multiple tags enter into the reader-
writer's sphere of action, many of them will collide 
for transmitting the data to the reader-writer 
simultaneously, leaving the reader-writer unable to 

read the data. Therefore, identification efficiency 
caused by collision is the most important problem in 
the RFID technology. 

Currently, the tag anti-collision algorithm 
frequently used in RFID includes the stochastic anti-
collision algorithm based on ALOHA Mechanism  
[1, 2] and the definitive anti-collision algorithm 
based on Binary Search Algorithm, BS [3]. ALOHA 
is a kind of random access way which was proposed 
in earlier times. It is one type of probabilistic 
algorithm. The tags will choose a certain period of 
time by randomness to resend data until all of which 
are able to be identified, when the collision occurs 
because multiple tags send the data at the same time. 

http://www.sensorsportal.com/HTML/DIGEST/P_2282.htm
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The binary algorithm is also called binary tree 
algorithm. All electronic tags have their only binary 
identifiers and they send the sequence numbers of 
signal tags to the reader-writer synchronously in the 
reader-writer's sphere of action to construct an 
ordinary binary tree. The reader-writer will 
repeatedly screens the leaf node of complete binary 
trees according to the situation of the signal collision, 
and finally finds out the binary tree. In the process of 
searching, electronic tags responding within the areas 
of action will be determined one by one; meanwhile, 
information exchange between the tags and reader-
writer will be realized. As the Binary Search 
Algorithm not only needs to ensure that multiple tags 
can be identified quickly by the reader-writer, but 
also needs to ensure the integrity of data 
transmission, so a kind of more reliable and 
comprehensive analysis method undoubtedly 
becomes necessary. 

Systematic formalization analysis and verification 
technology have been increasingly applied in the 
industry. The formalization analysis technology can 
not only verify the correctness of the system, but also 
make quantitative analysis on system performance, 
such as reliability, capacity or energy consumption. 
In this paper, we will analyze the Binary Search 
Algorithm by using an automatic formal verification 
technology which is called probabilistic model 
checking [4, 5]. The probabilistic model detection 
tool PRISM [6] has already made a quantitative 
analysis on the properties of stochastic allocation 
algorithm and communication protocol, for example,  
literature [7] has analyzed the accessibility of 
IEEE1394 Fire Wire, and Stylianos has made a 
quantitative analysis on the security of e-mail 
transport protocol(CEMD) in literature [8], while two 
random distribution algorithms namely the self-
stabilizing algorithm and the dining problem  of 
philosophers are respectively analyzed in literature 
[9,10]. 

During the detection of the probabilistic model, it 
will explore the whole state space in order to realize a 
systematic analysis of attributes. We model the target 
system S  to be an appropriate one M  and the 

properties P  to be verified will be expressed by 

logic formulae pφ . Therefore, the issue of whether 

the system S  satisfies the properties P  is converted 
into the issue of model checking whether | pM φ=  is 

true or not. Probabilistic model detection provides an 
effective formalized specification (including model 
specification and attribute specification) and precise 
analysis technology. The analyzed models include 
Discrete Time Markov Chain (DTMC) [11], Markov 
Decision Process (MDP) [12], Continuous Time 
Markov Chain (CTMC) [11] and Probabilistic Timed 
Automaton (PTA) [13], etc.  

The operation principles of the BS algorithm are 
as follows: After multiple tags enter into the work 
area of the reader-writer, the reader-writer sends an 
enquiry order with restrictive condition and the tag 

meeting the restrictive condition answers. If a 
collision occurs, the restrictive condition will be 
changed according to the error position, and the 
enquiry order is sent again until a correct answer is 
found, and then the reading and writing operation to 
the tag will be finished. The operations mentioned 
above will be repeated on the rest tags until the 
reading and writing operation to all the tags is 
finished. After introducing the working principle of 
the binary system, we will model a DTMC model for 
it. The reason for choosing DTMC is that Binary 
Search Algorithm occurs with certain probability no 
matter in terms of the status transition of the reader-
writer or the tags. We naturally consider using 
discrete time model, in view of the certainty of anti-
collision algorithm, we adopt DTMC model after 
overall consideration. 

 
 

2. DTMC and PCTL 
 

Definition 1. DTMC is a six-tuple, 

0D = (S,P,s , AP,L,R)  

• S  is a finite set of states here;  
• : [0,1]P S S× →  is a transaction concept 

function, and for any state s S∈ , there 
is: ( , ) 1

s S
P s s

′∈
′ =  

• 0s S∈  is the initial state; 

• AP is a finite set of atomic propositions;  

• : 2
AP

L S →  is a marking function; 

• R is an reward. The reward structure of 
DTMC is a binary group ( , )lρ , of which one 

: 0S Rρ → ≥  is a state reward vector and 

: 0l S S R× → ≥  is a transfer reward vector.  

Definition 2. (Probabilistic Computation Tree 
Logic PCTL [11]) The PCTL state equation in atomic 
proposition AP : 

:: true | | | | | ( )1 2 1 2 Ja Pφ φ φ φ φ ϕ ϕ= ∧ ∨ ¬ , a AP∈  . 

Herein ϕ  is a path formula, and [0,1]J ∈  is an 

interval with rational numbers as the boundaries. 
PCTL path formula is described as 

:: | | | |1 2 1 2X F G U Rϕ φ φ φ φ φ φ φ=  . Herein, φ , 1φ  and 

2φ  are the state equations.  

We use |s ϕ=  to show that a state s S∈  meets a 

PCTL formula φ . An important formula ( )JP ϕ  in 

PCTL shows that the probability that a state meets 
the path φ  is in the range of J. In the path Xφ  of 

definition 2 (the next step to meet φ  ), 1 2φ φ∨  

presents it will eventually meet 2φ  if 1φ  is true.  

Two attribute instances expressed by PCTL are as 
follows: 

P = ?[F"finish"]  shows the probability of the data 
transmission accomplished eventually by the system. 
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P = ?[ fail Ufail ]BA¬  represents the probability that 

A succeeds before B fails. 
 

 

3. Abbreviations and Acronyms 
 

3.1. Working Principle of the Protocol 
 

BS algorithm uses the reader-writer control anti-
collision method. Its basic principle is by defining a 
set of specified instruction sequence between reader-
writer and multiple tags to choose a transponder from 
them and complete the data exchange between them 
finally. The binary anti-collision algorithm is 
essentially comparing all tags one by one, by multiple 
comparisons, the appropriate tag could be selected 
gradually to finish the information exchange, and 
then the tags will be compared one by one again until 
all the tags are recognized by the reader-writer. The 
reader-writer selects tags through four commands. 

1) Request order: this order sends a referential 
sequence number to an electrical tag, and only when 
the sequence number of the tags is no more than the 
referential sequence number can the sequence 
number be sent to the reader. Thus narrow the scope 
of tag group which is to be identified. 

2) Select order: choose a certain sequence number 
as the referential sequence number to send to the 
electronic tag. When the sequence number of the tag 
is the same with that of the reference, the tag is 
chosen. 

3) Data Reading: The reader reads the data of the 
chosen tag. 

4) Cancelling selection: a tag will come into sleep 
state and not respond to the reader's orders if the 
selection is cancelled. 

 
 

3.2. DTMC Model of Protocol 
 

The model of BS algorithm has two parts, the 
reader and Tag (multiple). Here we will conduct 
abstract modelling for the four orders of the reader-
writer mentioned above. The DTMC state transition 
diagram of the tag is shown below as Fig. 1. 

Step 1: Set 0s  as the initial state of the tag state 

transition diagram, which means the reader-writer 
send a sequence number as a parameter to the tag. At 
this time the tag needs to compare its own sequence 
number with that of the received one. If the tag's 
sequence number is smaller than or the same as 
sequence number of the reader-writer, it will send 
back its own sequence number to the reader-writer. 

Step 2: After sending the sequences at initial state 

0s , it will enter into the state 1s . This state indicates 

that if there is only one tag meeting the conditions, it 

will enter the state 3s  directly and thus completing 

the transfer of data. Otherwise it will enter the state 

2s  when the collision occurs. 

Activated

stop{ }decide
send { }succ

restart {sleep}

Inactivated

{ }init

 
 

Fig. 1. Tag state transition diagram. 
  
 

Step 3: Because of the collision between two or 

more tags, now being in state 2s  shows the collision 

occurs and it goes directly into the initial state 0s . 

Enter into the next round of selection process. 

Step 4: In the state 3s , it represents that data 

transmission of  tags is successful. 
The DTMC model of the reader-writer is shown 

as Fig. 2. Firstly the reader-writer detects tags around 
and if there exist multiple tags, the reader-writer will 
filter tags by sending a sequence number and re-filter 
by changing the sequence number through a collision 
until all the tags are identified. 

 
 

{select}

send
restart

transimit

{ }init

{succ}  
 

Fig. 2. State transition diagram of the reader-writer 
transmission of tags is successful. 

 
 

Step 1: In the state 0s , the reader-writer is in 

initial state. At the moment the reader-writer sends a 
sequence number to the tags around to arrive at the 

state 1s . If only one tag meets the conditions, it will 

be selected. If a lot of tags meet the conditions, they 
will turn back to the initial state and be continuously 
selected.  

Step 2: In the state 1s , the labels are in selected 

status. If only one label is selected, it will enter state 

2s  directly, meaning that the label and data of 

reader-writer have been exchanged. Otherwise enter 

the state 0s , and labels will be selected again.  

Step 3: The state 2s  indicates that a tag has been 

identified and data transmission is finished. At the 

moment, directly enter initial state 0s  to conduct the 

selection of next round, until all the tags are selected. 
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4. Model Verification and Analysis 
 

4.1. Modeling Statistics 
 

PRISM is the most successfully applied 
probability model-checking tool at present, which can 
directly support DTMC, CTMC, MDP and PTA. 
PRISM has been applied to the wireless 
communication protocol, such as, Bluetooth and 
ZigBee wireless communication protocol, the 
management plan of dynamic power and the 
algorithm analysis of many random distribution. 

We will use this tool to complete the accurate 
analysis of BS algorithm. Firstly, we need to use 
PRISM to construct corresponding mathematical 
model, which is to describe BS algorithm as DTMC 
model with PRISM language. Then calculate the set 
of reachable state from initial state and the transfer 
matrix of the model through PRISM, and conduct 
quantitative model checking to a plurality of 
attributes (includes one or more variables). 

First we set up some basic parameters of binary 
search algorithm model; the parameter list is shown 
in Table 1. Through PRISM calculation, we can get 
the static data of every building model, as Table 2 
shows, N represents label amount, state and 
switching of state are the general number of DTMC 
model that corresponding with label. Node and leaf 
respectively denote the number of nodes and leaves 
(end-node) of Multi-terminal Binary Decision 
Diagram (MTBDD [9]). Build time is the time for 
each model building. 

 
 

Table 1. Protocol parameters. 
 

Parameters Description Value 
N Number of Tags 2-20 

K Number of Choice 
Minimum value 
1 

Count 
Read the label 
counter 

Minimum value 
1 

U 
If there are label 
conflicts 

False( Initial 
value) 

Sigma 
Propagation time of 
information in the air 

1 us 

 
 

Table 2. Static data. 
 

N 2 3 4 5 6 
State 50 394 1146 4006 50650 
Node 1153 3620 5700 7908 17084 
Leaf 9 10 11 11 12 
Iteration 7 8 8 9 10 
Switching 
of State 

107 926 2688 9455 119861 

Build 
Time(s) 

0.0141 0.025 0.047 0.058 0.073 

 
 

From Table 2 we can know state number of BS 
algorithm's DTMC model and switching times have 
increased several times as the label number increases, 

and the time of building the model is long enough. 
This suggests that the more the number of labels are, 
the bigger the state space of the relevant DTMC 
model and the cost of time are. But the leaf number 
increases slowly. This suggests data structure of 
MTBDD is fine, and it can apply to the BS algorithm 
DTMC model efficiently.  
 
 
4.2. Quantitative Analysis of the BS 

Algorithm Attributes 
 

Reliability and rapidity are two key attributes of 
BS algorithm, which are the keys for the tags to be 
identified quickly and accurately. Reliability means 
the ability and possibility (probability) of system 
when it executes certain functions under certain 
condition for some time. Rapidity means the 
capability of transmitting certain amount of data; 
apparently the performance of the BS arithmetic 
directly influences the quality of service of the whole 
RFID system. 

 
 

4.2.1. Reliability 
 

A). Whether one (or more) tab can complete 
data transmission successfully. 

Herein the first reliability we will verify is 
whether one (or more) tab can complete data 
transmission successfully, in another word, whether 
the probability of each tab to finish data transmission  
is 1. As shown in Table 3, the PCTL formula is 
expressed as P = ? [ true U(s1 = 3 & r = 3)] , in which 

3s1=  and 3r =  respectively represents the tag 
successfully transmits data and the reader 
successfully accepts data, true means begin from the 
original state and N means the number of the tags.  
 
 

Table 3. Verification Parameters 1 
 

PCTL Formula 
Attribute 

description 
Parameters 

P=? [ true U(s1=3&r=3)]  

Probability for a 
label to complete 
the data 
transmission 

N=1-20 

 
 

Using the attribute validation function of PRISM, 
we can count probability of arriving s1= 3 & r = 3  
from the initial state, as the result shown in Fig. 3. 

From Fig. 3, we can see that the quantity of tags 
increasing from 1 to 10, and the probability of tag 
finishing data delivery and reader receiving data  is 
always 1, that is to say, not only the tag can always 
finish the transmission of data, but the reader can also 
successfully read the data, so as to ensure the 
reliability of the data transmission of BS algorithm. 
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Fig. 3. Eliability of data transmission. 

 
 
B). The probability of sending data successfully 

after selecting tag for the K time. 
The times BS algorithm selects tag directly affect 

information transmission efficiency. As shown in 
Table 4, we use PCTL formula 
P=? [ true U(s1=3&r=3)&select =k]  to verify the 

effects of selecting times on the data transmission 
credibility. The test result of model attributes is as 
shown in Fig. 4. 

It can be seen from Fig. 4 that with the increase of 
label number, the number of selection times also 
increases but in a slow pace. Six labels call for at 
most five selections, which indicate that BS 
algorithm is highly efficient in label recognition. 

 
 

Table 4. Verifying parameters 2 

 

PCTL Formula 
Attribute 

description 
Parameters 

          

        

P=? [ true U

(s1=3&r =3)

&select = k]

 

The probability 
of successfully 
exchange 
information 
between the tag 
and reader after 
selecting K 
times. 

N=2-6 
K=1-10 
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Fig. 4. The probability of sending data successfully  
after selecting tag K times. 

C). Verification and comparison of BS 
algorithm and S-ALOHA protocol attribute 

Based on the situation that the model suits the BS 
algorithm, we will make a thorough verification 
analysis through comparing with the S-ALOHA 
protocol. Given that the random waiting system of S-
ALOHA possesses an attribute of uncertainty, we 
will establish a proper MDP model for it. Table 5 
shows the static data used in building BS algorithm 
and S-ALOHA protocol,  among which N represents 
the number of tags, states and Construction time 
respectively represent the number of states and time 
of the components of the relevant model. 

 
 
Table 5. Comparison between the static data of BS 

algorithm and S-ALOHA protocol. 
 

N States 
Construction 

time (s) 
 BS S-ALOHA BS  

2 50 426 0.0141 0.054 
3 394 1752 0.025 0.077 
4 1146 4285 0.047 0.124 
5 4006 7827 0.058 0.153 
6 50650 108214 0.073 0.229 
 
 
Table 5 indicates that whether state amount or 

component time of BS algorithm model is much less 
than that of S-ALOHA. This shows that BS algorithm 
has less space dissipation than S-ALOHA. 

BS algorithm and S-ALOHA protocol collision 
time plays a critical role. The more conflicts exist, the 
time spending in identification tags by recognizer is 
longer, and the efficiency of information interchange 
is lower. Therefore, we will verify the contrast of 
conflict time occurred in different label numbers, as 
shown in the Fig. 5. 
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Fig. 5. Contrast of BS algorithm and S-ALOHA  
conflict times. 

 
 
We can see from Fig. 5 that with the increase of 

the number of labels, the number of conflicts 
occurred will has a slow and steady increase in BS 
algorithm and a rapid increase in S-ALOHA; when 
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there are two labels, BS algorithm will send the data 
successfully after two conflicts at most, while the 
number of conflicts in S-ALOHA is close to four. 
When there are 10 labels, BS algorithm only has  
9 conflicts and S-ALOHA has 17 conflicts. Thus, the 
BS algorithm performs more efficient and stable than 
S-ALOHA. 

 
 

4.2.2. Rapidability 
 

In BS algorithm, whether the tag can exchange 
information with the reader-writer quickly is crucial. 
Herein we adopt reward mechanism in the DTMC 
model of BS algorithm to calculate the expected time 
of exchange information between reader-writer and 
tag and compare it with the expected time of 
exchange information of S-ALOHA. In PRISM, 
R{"time"}= [  true U(s1= 3 & r = 3)]  refers to the 

time the tag completes the data in the end. Fig. 6 
shows the expected time of sending data with 
different number of tags by using BS algorithm and 
S-ALOHA. 

As shown in Fig. 6, we can see that the number of 
tags is from 1 to 20. The expected time by using BS 
algorithm is less than by using S-ALOHA algorithm 
to complete the transmission of the data. The 
expected time difference is 200 units of time when 
the number of tags is 20, which illustrates that BS 
algorithm's efficiency is higher that of S- ALOHA 
when dealing with a few tags. 
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Fig. 6.  The expected time of BS algorithm and S-ALOHA 

under the condition of different number of tags. 

 
 
We continue to verify the effect of system model 

expected time by sending different size of data 
packets. As shown in Fig. 7, in the case of two labels, 
we set different amount of data to analyze the 
expected time of system finishing data transmission. 

The horizontal axis of the coordinate refers to the 
size the data package sent and the vertical axis refers 
to the expected time to complete corresponding size 
of data package. As is shown in Fig. 7, with the 
increase of data size, the expected time for BS  
algorithm and S-ALOHA to complete data 

transmission also increase; but the speed increase of 
S-ALOHA is significantly greater and the growth rate 
is approximately 1.6 times of the speed increase of 
BS algorithm, which indicates that the average speed 
for BS algorithm to send data is 1.6 times faster than 
that of S-ALOHA. 
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Fig.7. The expected time for BS algorithm and S-ALOHA 
to send different data volume. 

 
 

5. Summary 
 

This article employs a supermatic formalization 
method: Probabilistic model checking, quantitatively 
analyzing the binary searching algorithm in RFID. 
According to the principles of BS algorithm, 
establish the discrete time Markov chain (DTMC) 
model, which supports decisive selection, then 
conduct analysis to the reliability and rapidability of 
BS algorithm, and the conclusion reveals that: 1) the 
tag delivery conflict times in BS algorithm are less 
than that of S-ALOHA apparently, which shows that 
BS algorithm has higher efficiency in dealing with 
the information exchange between tag and reader;  
2) when multiple tags are communicating with the 
reader at the same time, the expected time of the BS 
algorithm and S-ALOHA have difference of 200 time 
units at the most. Sending the data packages with 
different volumes, the average speed of BS algorithm 
is also 1.6 times faster than that of S-ALOHA. 
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Abstract: In this paper, the studies of finding the failure location on a sample cable by using the multiple pulse 
reflection method and the fault on the results of the measurement have been examined. A pulse generator with 
amplitude of 12 V and pulse width from 20 ns to 2 us has been designed as a multiple pulse reflection meter. 
The velocity of reflection pulse is calibrated in embedded system. The SOPC system detects the reflection pulse 
and measures the time of N times reflection pulses, then judge the fault type and compute the fault distance with 
corrected speed of pulse developed for measurement of pulse reflection by means of pulse velocity correction 
and have been examined here. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Fault detection, Cable fault location, Pulse multiple reflection, embedded system, SOPC. 
 

 

 

1. Introduction 
 
Cable as an important transmission media, widely 

used in the important field of instrument and meter, 
electric power, communication, exploration etc. 
Cable fault occurs, not only affect the daily life but 
also the production. The importance of aging 
electrical wiring and associated faults of cable has 
been highlighted in [1] to [5]. 

The studies of finding the fault location on cables 
got started with the method of bridge suggested by 
Murray [1]. In this method, the resistances of the 
junction points and the sensitivities of galvanometers 
affect the accuracy of the measurement. HDW 
Electronics suggested secondary impulse method 
which is based upon investigating the traveling 
waves. In this method, the short circuit occurring at 
the point of failure as soon as there, occur an arc here 
can be found with a low voltage pulse reflection 
signal sent to the cable. However, the fact that the arc 
lasts for a short time during the measurement 
decreases the accuracy of the measurement of pulse 
reflection especially with long lines [6]. This method 

suggests that the reflections of arc established by a 
pulse generator at the point of fault are examined 
through an inductive coupling element and thus the 
point of fault is found. This method has made it 
possible to find out the fault location with a high rate 
of accuracy independently of the parameters related 
to the fault [7].  

In this study, a low voltage pulse reflectometer 
has been developed in order to find the fault location 
according to the pulse reflection method with the 
cables and the experiments based upon finding the 
points of failure have been carried out on a cable. 
The pulses applied at the beginning of the cable and 
that are reflected from the point of fault have been 
captured and counter for SOPC system to estimate 
the fault type and locate the failure point distance 
screening on the LCD screen and the results have 
been examined here. 

 
 

2. Pulse Reflection Method 
 

Pulse reflection method is an efficient method 
that eliminates the needs such as extra junctions, a 

http://www.sensorsportal.com/HTML/DIGEST/P_2511.htm
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healthy core, or complicated calculations arising in 
the classical preliminary position finding methods 
that are carried out with bridge circuits. In this 
method, a pulse is sent from one end of the faulty 
cable. This pulse reflects completely or partially from 
any impedance change occurring on the cable. 
Distance of the point where the impedance changes, 
is guessed considering the period that lasts between 
the exit of the pulse from the source to the return of 
pulse to the source and the propagation velocity of 
the pulse [1]. The point of failure is calculated as  
in Eq. (1): 

 

)2/( NtVL ×= , (1) 
 

where L is the distance of the faulty point from the 
terminal of the cable, V is the velocity of the 
propagation of the pulse; t is the time of the pulse N 
times reflection, N is the reflected times. 

The propagation velocity can be defined as the 
speed of propagation of energy in a certain 
environment. Each cable has its own speed of 
propagation changing according to the qualities of 
the material. The propagation velocity is calculated 
with the equation stated below: 

 

rSVV ε/= , (2) 

 

where V is the velocity of propagation of the pulse, 
Vs is the velocity of propagation of the light in space, 
ɛr is the relative dielectric constant of the cable 
insulator. 
 
 
2.1. Investigating the Characteristics  

of the Fault 
 

The cables are generally modeled with an R 
resistance, L inductance, C capacitance between the 
conductors or conductor-shield and G conductance 
[4]. In a circuit which is modeled in this way, 
inductance and resistance are in series connection 
while capacitance and conductance are in parallel 
connection. Equivalent circuit diagram for a cable is 
shown in Fig. 1. 

 
 

 
 

Fig. 1. The diagram of Cable lumped parameter circuit. 
 
 

The ratio of the voltage e, induced by the pulse 
applied to the cable while it is running on the cable to 

the current i which is induced is called as the 
characteristic impedance (Z0) of the cable and it is 
written as below: 

 

CjG

LjR

i

u
Z

ω
ω

+
+==0  (3) 

 
Generally, Zc is complex, not only the amplitude, 

and phase changes. Phase variation reflects the cable 
characteristic impedance of the inductive or 
capacitive properties.  

As the launch a high_frequency signal, R<<jωL, 
G<<jωC, the cable characteristic impedance will be 
as flow: 

 

CLZC /= , (4) 

 
where Zc is the surge impedance, L is the inductance, 
C is the capacitance. 

The characteristic impedance is not based upon 
the length of line as it can be seen at the Eq. (4). 

 
 

2.1.1. Reflection and Transmission 
Coefficient 

 
As the transmission line considered as uniform 

distributed parameter elements, the impedance of 
cable is same when a wave propagates along the 
wire, but the wave impedance will change and 
voltage current traveling along the wire mismatch the 
transmission condition, when the waves propagate 
into the end of the line or arbitrary impedance 
mismatch point. As an example of open circuit, the 
electromagnetic wave to the terminal, which can’t 
continue to spread, and no load acceptance of energy, 
so the electromagnetic wave only by the line terminal 
to the starting end echo, echo phenomenon caused by 
the transmission line impedance mismatch  
is the reflection. 

 
 

2.1.2. Breaker / open Circuit Fault 
 
The occasion when the cable is completely 

broken is seen in Fig. 2. In this case, all the energy of 
the pulse reflects back to the source as the impedance 
of the point of failure will be infinite. With a cable 
which has an open-circuit at the end of the cable, the 
impedance of fault point Z is infinite, so reflection 
coefficient as flow: 

 
I=Ir+If=0 
---> ρi=Ir/If=-1 
Ur=-Zc×Ir 
U=Uf+Ur=Zc×(If-Ir)=2Uf 
---> Uf=Ur 
ρv=Ur/Uf=1 
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Fig. 2. The reflection pulse of open-fault cable. 
 
 

Therefore, when the cable is open fault, the 
reflected voltage and launch signal have same 
polarity; reflection signal current is opposite to 
emission signal. 

 
 

2.1.3. Short Circuit Fault 
 

When the transmission cable short circuit fault 
occurs, the fault point impedance Z0 is 0, so the fault 
point voltage U is 0 too, namely Ur=-Uf. Voltage 
reflection coefficient: ρv is -1. so reflection 
coefficient as flow: 

 
U=Ur+Uf=0 
---> ρv= Ur/Uf=-1 
Ir=-Ur/Zc 
I=If+Ir= (Uf-Ur)/ Zc =2If  
---> ρi= Ur/Uf=1 

 

 
Means when the cable is short fault, the reflected 

voltage and launch signal have opposite polarity; 
reflection signal current is same to emission signal. 
Show in Fig. 3. 

 
 

 
 

Fig. 3. The reflection pulse of short-fault cable. 
 
 

2.2. Pulse Multiple Reflection 
 
Multiple reflection method is the reflection 

principle of time domain reflection (TDR) on the 
basis of single echo detection method, aiming at the 

shortcomings and defects of. According to the 
principle of pulse emission, electromagnetic pulse 
signals occur multiple reflections in the fault, 
generating multiple echo effect, and the reflection 
coefficient of the same type of fault point are the 
same, just because the cable distribution resistance, 
capacitance of the pulse amplitude decreases 
gradually, as shown in Fig. 2 and Fig. 3. Therefore 
multiple pulses can be collected on the fault cable 
transmitter. Due to the propagation speed pulse 
signal in the cable is very fast, this caused the 
interval pulse time between two reflection pulses is 
so short. If a single echo detection method to achieve 
high test accuracy, the system needs to improve the 
sampling frequency (above 500 MHz). It puts 
forward a very high request to the hardware system, 
multiple reflection detection method is the echo 
acquisition and analysis, thus extending the system 
response to the echo time, reduces system acquisition 
speed requirements in the same test accuracy. 
Multiple echo detection method can effectively 
improve the resolution and accuracy of test system, 
and reduce the hardware overhead. 

Multiple echo detection method is mainly used to 
detect and locate the fault type. Follow the principles 
in the process of testing: First, transmits a narrow 
pulse signal to the cable, and detects the multiple 
reflected pulses; second, amplifies, shapes and 
samples to multiple echo signal and send the 
captured signal to processor; third, the processer 
timing the interval time of N multiple reflection pulse 
with system clock, then send and latch the counter to 
calculate the distance of fault point; finally, 
determine the fault type with comparing whether 
negative voltage pulse. As shown in Fig. 4, open 
circuit detection, since the reflection coefficient is 1, 
reflected pulse polarity is the same to launched pulse, 
just as show in Fig. 3, the negative voltage 
comparative shaping circuit without pulse signal, 
then determines the fault type for circuit breaker  
or open. 

 
 

 
 

Fig. 4. Multiple echo detected open-cable. 
 
 

Short circuit fault testing principle and process is 
same to open circuit. Due to short circuit fault point 
the reflection coefficients is -1, the reflected pulse 
and emission pulse is opposite polarity, so the echo 
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waveforms showing positive and negative pulse 
alternatively, just as Fig. 4. Specified number of 
interval echoes is counted, then locate the failure 
point, because the negative comparative shaping 
circuit get pulse signals, determine the fault type for 
short circuit, as shown in Fig. 5. 

 
 

 
 

Fig. 5. Multiple echo detected short-cable. 
 
 

Using multiple reflection method to fault 
detection, fault location calculation formula as flow: 

 

Nf

M
VL

2
×= , (5) 

 

where L is the distance of the faulty point from the 
terminal of the cable, V is the velocity of the 
propagation of the pulse, f is the frequency of counter 
clk, N is the reflected times, M is the value  
of counter. 
 
 

2.3. Velocity Correction 
 

The velocity of pulse propagation is directly 
affects the accuracy of the detection. Although the 
velocity of propagation of the pulse can be 
determined by Eq. (2), The different cable in 
different system, the speed of reflected pulse V is 
needed to be corrected. Therefore, the velocity of 
pulse propagation is been needed for calibration. 
because of Eq. (5), the calibration step as follows: 
Two known different lengths were L1 and L2 
homogeneous cable, then measured the time interval 
reflection while open circuit in the embedded system, 
got the standard clock counter is M1 and M2 
respectively, then the inherent delay time tdelay of 
system, and velocity of pulse propagation V can be 
determined as flow: 
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where L is the distance of the faulty point from the 
terminal of the cable, L1, L2 are the two known cable 
lengths, V is the velocity of the propagation of the 
pulse, f is the frequency of counter clk, N is the 
reflected times, M1, M2 are the value of counter for 
L1, L2. 

 
 

3. Embedded System 
 
Within the framework of the experimental study, 

a multiple pulse reflectometer has been designed and 
measurements have been carried out on the cables for 
various occasions of faults. The results of the 
measurements have been examined. The general 
image of the pulse reflection meter is shown in 
Fig. 6. The experimental circuit is composed of three 
different sub-systems. These systems include FPGA, 
pulse generator and data sample. 

 
 

 
 

Fig. 6. The embedded system scheme. 
 
 

The pulse generator produces square wave signals 
from 20 ns to 2 us with amplitude of 12 V and 
100 Hz to be sent to the cable by the pulse reflection 
meter by ADG201.The pulse generator to be used in 
the experimental study has been controlled by FPGA 
owned by the company of ALTERA. As the 
processor, the fast processor of EP3C16Q240C8 has 
been used. 

 
 

4. Experimental Study 
 

In the experimental studies, the faults established 
artificially on a point on the cable have been 
examined by means of using pulse reflection 
measurements. For this purpose, three cables of 
428xl type, twisted-pair and coaxial cable with 
lengths of 27.3 m 10 m and 101.3 m have been used 
to test the open-circuit and short-circuit.  
Fig. 7 is the detected open circuit 6 times reflection 
in Oscilloscope. 

For this purpose, pulses with changing between 
80 ns with a frequency of 100 Hz and amplitude of 
12 V have been applied to three of the cables. The 
results obtained at the end of these measurements are 
stated in Table 1. 
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Fig. 7. 6-time reflection capture. 
 
 

Table 1. The measurements of three cable  
for different fault. 

 

Cable Fault 
Velocity
(mm/ns)

Actule 
Len (m) 

Detect 
Len (m)

Error 
(%) 

428xl 
open 

19.8 27.3 
27.1 -0.73 

short 28.2 3.3 
twiste
d-pair 

open 
14.7 10 

9.9 -1.0 
short 10.5 5.0 

coaxia
l cable 

open 
22.0 101.3 

103.9
7 

2.6 

short 105.4 4.1 
 
 

5. Conclusions 
 
In this study, a pulse generator that can produce 

pulses with a constant amplitude but adjustable pulse 
width has been designed. The measurements carried 
out for this study have been examined comparatively 
through the embedded system for multiple pulse 
reflection measurement. The point of fault could be 
found easily in a short time by calibrated the velocity 
of pulse to improve the accuracy of test system.  

The multiple pulse reflection method gives the 
most efficient and the fastest results with low-
resistance short circuit faults and high-resistance 
open-circuit faults. For the pulse reflection 
measurement to be efficient and accurate, the energy 
of the pulse should be higher than the loss taking 
place on the cable in order for the pulse reflecting 
from the failure location to reach the source. Pulse 
width is smaller and the measure blind length is 
shorter, but the reflection attenuation is more serious, 
so the width of the pulse and reflection pulse times N 

to be applied to the cable should be selected in 
proportion with the length of the cable. 
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Abstract: In developing countries, one of the deadliest infections afflicting adult humans is tuberculosis (TB). 
The disease is currently responsible for over two million deaths every year, and therefore its swift detection is a 
desirable objective which would save many lives. A number of molecular-based approaches have been tested for 
their ability to detect Mycobacterium tuberculosis (MTB), but one drawback is the high cost which results from 
the necessity of using highly specialized equipment, while the techniques are also difficult to implement in the 
poorly-equipped laboratories of the developing world. One new development which differs from polymerase 
chain reaction (PCR) techniques as a means of amplifying and detecting target DNA without a thermocycler is 
loop-mediated isothermal amplification (LAMP). This approach is straightforward and can detect nucleic acids 
in biological samples at a reasonable cost through the application of the colorimetric properties of gold 
nanoparticles (AuNP). AuNP can be synthesized and functionalized using thiol-modified DNA oligonucleotides 
(Au-nanoprobes) enabling the detection of specific target sequences. As the ionic strength increases, the Au-
nanoprobe aggregation results in a colour change in the solution from red to purple which is clearly visible to 
the naked eye, or the Surface Plasmon Resonance (SPR) band of AuNP reveals a complementary target to the 
probe sequence, resulting in no AuNP-probe aggregation and no colour change. This review paper describes 
assays using LAMP-AuNP-probes as a rapid, simple and relatively inexpensive means of detecting tuberculosis 
which might therefore be suitable for use in developing countries. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Gold nanoparticles, Loop-mediated isothermal amplification, LAMP, AuNP, LAMP-AuNP assay, 
Mycobacterium tuberculosis. 
 
 
 
1. Introduction 

 

Tuberculosis (TB) is currently ranked second on 
the global list of deadly infections and is also one of 
the major killers of people infected with HIV. 
Prevention of this disease could be accomplished if 
improved diagnostic testing could be made more 

widely available, especially in parts of the world 
which lack the financial and medical resources to 
fight infectious disease. An enhanced approach to 
diagnosis might in turn lead to better management of 
detected cases and more effective wide surveillance 
of the disease [1]. In addition, the issue of drug 
resistance is also a significant concern to those 
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seeking to limit the spread of infectious diseases. 
Control requires regular testing, especially  
in regions and populations where certain diseases  
are endemic.  

One significant limiting factor in the diagnosis of 
neglected infectious diseases (NIDs) is that few 
companies consider the development of diagnostic 
tools commercially worthwhile since the majority of 
affected patients reside in parts of the world which 
cannot afford to invest in expensive diagnostic  
tests [2]. Every year, almost two million people die of 
tuberculosis [3] yet the most commonly used 
diagnostic technique in the worst-hit countries is 
sputum smear microscopy. This is an approach which 
has seen no significant changes since its development 
over 130 years ago; furthermore, the technique in not 
actually able to identify 50 % of the TB infections 
which are presented [4] and thus half of all active TB 
infections go undetected as a result. In particular, 
smear-negative variants of TB are especially 
common in patients co-infected with HIV [5] and can 
take between 6 and 8 weeks for testing to show 
results. It can thus be inferred that immediate 
treatment decisions can’t easily be made, so measures 
against the disease are delayed. One less orthodox 
means of detecting TB involves amplification tests 
using nucleic acids (NAATs). The approach uses 
IS6110 and/or 16S rDNA as targets for detection, 
while a number of NAATs based detection systems 
using PCR are commercially available and capable of 
quickly detecting the presence of Mycobacterium 
tuberculosis complex (MTBC) in clinical  
samples [6-7]. The method boasts high specificity 
and sensitivity, with the potential to deliver results 
within a few hours (2-8 h for processed specimens). 
In contrast, a number of molecular based methods 
have been examined to assess their potential for swift 
detection and identification of Mycobacterium 
tuberculosis (MTB), but these have the disadvantage 
of requiring highly trained laboratory staff and 
facilities, along with very expensive equipment. 
Reference reagents are also needed in evaluating the 
performance of assays, so the approach is best suited 
for use in reference laboratories and cannot easily be 
implemented in developing nations which have 
neither the financial resources nor the facilities which 
are necessary [8-10].  

In recent times, advances in nanotechnology have 
made a contribution to the molecular detection 
approach, with nanoparticles, nanowires and 
nanotubes all playing a part in the development of 
nanodiagnostics. The use of nanoparticles as labels or 
tags has served to increase sensitivity, with 
technologies which apply electrochemical DNA 
showing particular improvements [11-12]. If the 
development of cheap, portable and easy to use 
testing equipment is to become a reality to detect 
diseases such as TB in developing countries, 
biosensors will have a vital role to play. This article 
explains how colorimetric techniques using an Au-
nanoprobe can be combined with loop-mediated 
isothermal amplification to detect TB. 

2. Traditional Detection Methods 
 
Sputum smear microscopy, which was first 

developed in the 1880s, remains the standard 
approach to TB detection in the developing countries. 
The method is based on the detection of acid-fast 
bacilli (AFB) in stained smears, but has the drawback 
of being unable to distinguish MTBC strains from 
other mycobacteria which do not lead to  
tuberculosis [10]. Furthermore, the method is not 
very sensitive, as the sputum requires minimum 
levels of 5000-10,000 bacilli/ml in order for detection 
to take place. It has been observed that around half of 
all active TB cases will go undetected by this 
approach [13]. As noted earlier, smear-negative 
tuberculosis is frequently found in patients who are 
co-infected with HIV [4]. A number of adjustments 
can be made to the bacilloscopy method which might 
serve to increase its sensitivity. These include the 
liquefaction and concentration of sputum using 
sodium hypochlorite and centrifugation, while 
another means of raising detection rates is to use 
fluorescence microscopy; however, fluorescence 
requires specialist detection equipment within the 
microscope which makes each assay more expensive 
to conduct [4]. The development of a less costly 
fluorescence microscope (FM) is currently in 
progress, with new low-cost components including 
ultra-bright light-emitting diodes with extended life 
spans which might be a cheaper alternative to the 
lamps used at present in fluorescence microscopy [8].  

The detection of culture, or growth, is still the 
principal objective of TB detection development, 
although the goal is not only to detect TB, but also to 
obtain isolates which might be suitable for further 
identification, testing for drug susceptibility and 
genetic characterization. The most frequently used 
media for MTB culture are Middlebrook agar and 
Löwenstein-Jensen (LJ) medium [14]. The samples 
of sputum must first be purified and liquefied prior to 
the media inoculation. Following the purification, 
incubation of the sample takes place over a period of 
weeks (6-8 weeks). When the samples have shown 
sufficient growth, characterization of the isolates can 
be performed through biochemical testing. The 
process is lengthy and complex from start to finish. 
Furthermore, the process of MTB growth and 
isolation also requires facilities certified to biosafety 
level 3, so the use of cultures in the detection of TB is 
not appropriate for settings where such specialized 
facilities are not readily accessible. Various 
alternative approaches offer the potential to reduce 
the time taken in culture-based methods, such as 
radiometric (BACTEC TB-460® Becton Dickinson) 
and fluorescence based assays (MGIT® Becton 
Dickinson). It has been possible in this way to cut the 
total time to around 12 days [15]. The mycobacteria 
growth indicator tube (MGIT) is based on a modified 
Middlebrook broth which contains a fluorescence 
indicator which can be triggered when MTB oxygen 
consumption occurs. It can therefore be employed as 
part of a system which both incubates the sample and 
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registers the fluorescence using the same piece of 
equipment (BACTEC MGIT 960 system). The main 
advantages derived from this method are enhanced 
sensitivity and a shortened incubation period [14, 16], 
but neither the cost nor the feasibility of using the 
system in resource-poor situations has yet been fully 
evaluated [14].  

In solid media, a period of 28-42 days is typically 
required for drug susceptibility testing (DST) to be 
performed. This time can be reduced sharply to 
around 10 days if liquid cultures such as BACTEC or 
MGIT are used [8]. Microscopic-observation drug-
susceptibility (MODS) is a modified version of the 
regular bacilloscopy which uses both a growth stage 
and the presence of antimicrobial drugs to identify 
MDR-TB. The antimicrobial agents for DST modify 
a Middlebrook broth media which is used along with 
an inverted light microscope. It has been shown that 
MODS has better sensitivity than the culture, and 
also cut the time required for positive culture and 
susceptibility testing to just 7 days in comparison 
with the automated mycobacterial culture or 
Löwenstein-Jensen culture [8]. 

 
 

3. Detection Systems Based on 
Immunology 

 
Immunological assays work on the principle that 

certain antibodies will be released by the immune 
system when faced with the threat of TB. These 
antibodies can be detected, thus confirming the 
presence of a TB infection. Enzyme-linked 
immunosorbent assays (ELISA) are the most 
common. The advantage of serological tests is their 
ease of use; along with lower costs than traditional 
techniques, this makes them strong candidates for use 
where resources are limited [13]. However, the 
commercially available antigen-antibody based 
assays for TB have failed to demonstrate suitable 
levels of accuracy and sensitivity [13, 17]. When 
serological assays were first developed, partially 
purified antigens were used, resulting in poor 
specificity. This problem was addressed through the 
use of highly purified native or recombinant antigens, 
but while the specificity was improved, the 
sensitivity decreased [15]. Reported ranges for 
specificity have been from 62 % to 100 % [17]. 
Moreover, an additional factor to consider is that the 
response of immune systems to TB differs between 
patients, depending on factors including previous 
exposure to non-tuberculosis mycobacteria, BCG 
vaccination, HIV co-infection and more. In around 
30 % of smear-positive pulmonary TB cases, it 
appears that the antibody levels of patients are too 
low to be detected or identified using the antigens 
which are currently employed in assays [13, 15].  

One way of detecting latent TB infection is the 
tuberculin skin test (TST). The test involves a 
purified protein derivative (PPD) created from a 
rough mixture of antigens, some of which are shared 
among BCG, MTB and non-TB mycobacteria. The 

specificity among BCG vaccinated populations is 
therefore rather low [8, 15]. A more recent approach 
has been the interferon-gamma release assay (INF-γ 
or IGRA) which can detect latent TB infections. An 
IGRA is a blood test carried out in vitro using 
mycobacterial antigens for the stimulation of T-cells. 
Cells which have previously been exposed to TB 
antigens will generate INF-γ upon being exposed 
once again to these antigens. Antigens most 
frequently used for this assay are the culture filtrate 
protein 10 (CFP10) and the early secretory antigen 
target 6 (ESAT6). Both of these antigens are specific 
to MTB. INF-γ assays available commercially 
include the QuantiFERON-TB® assay (Cellestis Ltd) 
and the T SPOT-TB test (Oxford Immunotec) [8, 15]. 
The specificity of IGRAs is high, at 75 % to 90 %, 
and there is no interference from previous BCG 
vaccinations; however, active and latent TB cannot 
be differentiated. IGRAs are still generally useful for 
the detection of latent TB and may potentially be 
used in the diagnosis of active TB where the 
incidence is low or the population group is 
specifically selected: for example, immuno-
compromised patients, children and patients with 
smear-negative extra pulmonary TB [8]. 

An interesting new aspect of immuno-based 
assays is the recent development of tests based on the 
detection of antigens instead of antibodies. Antibody 
production is dependent on a number of factors 
including immune-suppression, but in contrast, the 
presence in sputum, urine and serum of specific TB 
antigens can be assessed. For example, 
lipoarabinomannan (LAM) is a heat-stable glycolipid 
which appears in the urine of around 80 % of culture-
confirmed TB cases according to a number of studies 
[18-19]. These findings therefore support the current 
development stages of a commercially available urine 
test [8]. 
 
 
4. Molecular Based Systems of Detection 
 

In contrast to the traditional methods of TB 
detection, nucleic acid amplification tests represent a 
less conventional approach and have been subject to 
detailed examination as a means of diagnosing active 
TB. The technique offers high specificity and 
sensitivity while the results can be obtained relatively 
quickly, in only 2 to 8 hours for processed specimens. 
Techniques involving molecular detection have their 
basis in the selection and design of oligonucleotides 
(primers and probes) which will specifically 
hybridize and/or amplify a particular fragment of 
DNA fragment which is specific to MTB or 
exclusively present in MTBC members. This permits 
TB mycobacteria and non-TB mycobacteria to be 
differentiated, resulting in high specificity levels of 
90 % to 99 % for these DNA based techniques. 
Furthermore, TB PCR-based assays with DNA 
amplification have shown sensitivity rates in the 
range of 90-100 % for smear positive and 60-70 % 
for smear negative, culture positive sputum  
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samples [13, 20]. While sensitivity levels are lower 
than those in microbial culture (up to 98 %), 
optimum levels can be achieved through sample 
preparation treatments [13]. The type of specimen 
used for DNA identification also has a significant 
bearing upon the sensitivity of nucleic acid based 
methods. In respiratory specimens it falls in the range 
from 60-99 % while extra pulmonary specimens 
produce sensitivity levels in the 30-85 % range [10]. 
For smear negative samples, the sensitivity of 
detection techniques based on DNA tends to be lower 
for both pulmonary and extra pulmonary types. One 
significant advantage, however, is that DNA based 
approaches are able to determine whether or not 
microorganisms are present in order to detect non-
pulmonary TB (tuberculosis of the central nervous 
system), even when the samples would typically be 
expected to have low numbers of microorganisms, 
such as cerebrospinal fluid, and when microscopy 
would encounter difficulties in terms of  
visualization [10]. Several tests employing nucleic 
acid amplification are available commercially. 

MTBC strains can be identified through a number 
of molecular approaches, but these are not used for 
direct detection. Instead it is necessary first to 
complete the growth or amplification stages, after 
which the tests can identify specific mycobacteria 
strains. Examples of this approach include nucleic 
acid probe hybridization, restriction fragment length 
polymorphism analysis (RFLP) of the hsp65 gene 
[21], solid phase hybridization (line-probe assay) 
[22], single nucleotide polymorphism (SNP) [23] and 
DNA sequencing [24]. All of these techniques 
operate by identifying molecular differences which 
occur between the various MTBC species, thereby 
permitting particular strains to be differentiated. 
Commercially available tests which employ this 
approach include GenoType® MTBC (Hain 
Lifescience), INNO-LiPA® Mycobacteria assay 
(Innogenetics) and AccuProbe® (Gen-Probe) [10].  

Drug resistance tests using molecular methods 
seek to determine the presence or otherwise of point 
mutation in specific genetic areas which might be 
expected to produce resistivity [25]. Genetic regions 
of the clinical strand (the target) can be recognized 
with a specific oligonucleotide probe when nucleic 
acid hybridization techniques are applied. 
Mismatches in certain nucleotide positions caused by 
the presence of mutation will result in a change in the 
hybridization thermodynamics [25]. The objective of 
a hybridization probe is to bind mismatched 
(mutated) sequences or perfectly matched sequences 
(rifampicin-sensitive sequence) [26]. Methodologies 
commonly used in DNA MDR-TB detection include 
sequencing [25], real-time PCR [26], allele-specific 
PCR [27], microarrays [26] and line probe assays 
[12, 28]. A line-probe assay is a strip-based test 
which uses PCR and reverse hybridization probes. 
Examples of these assays which are available 
commercially include the GenoType MTBDR plus® 
assay (Hain Lifescience) and the INNO-LiPA 
Rif.TB® kit (Innogenetics). The Geno Type assay has 

demonstrated sensitivity levels in the 95-99 % range 
when detecting resistance to rifampicin in smear-
positive sputum samples. This compares favourably 
with conventional DST results [28]. The World 
Health Organization has accepted the use of line-
probe assays for MDR-TB screening on the condition 
that it is used solely with culture isolates and smear-
positive samples. The method is not suggested as a 
replacement for conventional culture and  
DST [8, 12]. Evaluation of techniques which follow 
the same basic approach as those described for the 
detection of rifampicin and isoniazid resistance has 
been carried out in order to detect other single point 
mutations which confer antibiotic resistance, 
including those mutations which lead to  
XDR-TB [29].  

It can therefore be concluded that molecular 
based assays offer high specificity and sensitivity, 
and the advantage of quick results. However, highly 
trained specialists are required to conduct DNA 
amplification assays, and the process can only be 
performed with expensive equipment in laboratories 
which have access to the reference reagents needed 
for monitoring the assay performance. Consequently 
the techniques are feasible in peripheral laboratories, 
but still pose challenges in situations where resources 
are limited [8, 10, 15]. 

An alternative to PCR for the amplification of 
target DNA is isothermal amplification, which 
obviates the need for a thermocycler [30]. In this way 
the cost of the detection system is reduced, while 
molecular diagnostic platforms can be used without 
incurring the high costs involved in using a molecular 
biology laboratory. Isothermal amplification 
techniques which have been suggested for use in the 
detection of infectious diseases will therefore be 
described in subsequent sections. 

Loop-mediated isothermal amplification (LAMP) 
automatically generates single strand target DNA 
(ssDNA) sequences which have stem-loops at each 
end serving as the starting structure for the 
amplification. LAMP is also dependent upon strand 
displacement reactions which take place at a constant 
temperature using a DNA polymerase with strand 
displacement activity [31-32]. For loop formation and 
further amplification to occur, six different specific 
primers are required to bind within the correct target 
area. However, there is no initial requirement for a 
denaturation step (94-95°C) to create ssDNA or 
enzymatic cleavage in LAMP. Instead, the generation 
of ssDNA for amplification involves one of the 
LAMP primers annealing to the antisense sequence 
(3’  5’) of the double stranded DNA (dsDNA) at a 
temperature of around 65°C while the Bst DNA 
polymerase (with strand displacement activity) 
triggers the synthesization process of a DNA strand 
which is complementary to the template beginning 
from the 3’ end of the primer. Then a secondary 
primer repeats the displacement of the 
complementary strand which releases a single strand 
incorporating a stem-loop structure at the 5’ end. 
Loop formation can then take place only on the 
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condition that the ends of the LAMP primers 
involved in this stage (external primers) are 
complementary. The product which results from this 
stage is a structure which has stem-loops at each end. 
This structure can act as a template for further stages 

of DNA synthesis and strand displacement cycles 
(exponential cyclic amplification) which will utilize 
the remaining primers (internal primers) (Step 1 to 
Step 8: Fig. 1a). 

 
 

 
 

Fig. 1. Diagrammatic representation of the mechanism for loop mediated isothermal amplification: a) LAMP initial step,  
b) elongation and recycling step. (Adapted from Copyright ©, 2005, Eiken Chemical Co. Ltd., Japan). 

 
 

Steps 8 to 11 in Fig. 1b, comprising the cycling 
reaction, can usually be completed within a period of 
one hour [31-32]. To optimize LAMP performance, 
specific primer design is essential. Primers must be 
designed in such a way as to preclude the formation 
of secondary structures (complementary primers) 
which might create false synthetic targets (generating 
false positive results). Accordingly it is necessary to 
take into consideration both the distance between 
primers and the melting point for each primer region. 
This temperature must be similar for all primers if the 

reaction is to proceed at one single temperature. 
LAMP offers the advantage that it is a wholly 
isothermal process in which restriction enzymes are 
not required. Conveniently it is a single-tube reaction. 
However, the complexity involved in setting multiple 
primers to hybridize within a specific region is one 
potential drawback, especially for small target 
fragments of between 100-200 bp. 

MTBC and MTB strains can now be detected and 
identified through newly developed LAMP protocols 
[33-34]. One such technique involved adding a 
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fluorescent marker which binds to dsDNA, SYBR 
Green, so that any positive amplification could be 
identified visually [33]. This kind of detection 
protocol for tuberculosis has allowed the successful 
identification of MTB in sputum culture isolates, 
although the preparation steps required for the sample 
are quite extensive. Accordingly the extent to which 
the direct amplification of DNA isolated from sputum 
might be useful has not yet been determined. LAMP 
amplicon is typically carried out via agarose gel 
electrophoresis which involves staining with 
ethidium bromide as a carcinogen [35]. However, 
indirect assessment of the LAMP amplicon is also 
possible through a lateral flow dipstick assay and 
AuNP nanoprobe [36-37] to measure the quantity of 
white magnesium pyrophosphate precipitate which is 
produced as a byproduct of the LAMP reaction [38].  

In recent years, research has begun into the 
potential use of nanomaterials in improving diagnosis 
methods for tuberculosis. The advantage of 
nanoparticles lies in their ability to serve as labels or 
tags to upgrade the sensitivity of detection platforms 
by amplifying the detection signal. They offer an 
alternative approach to isolating and concentrating 
the bacterial DNA contained in the samples. The 
sections which follow will illustrate the 
improvements made in both nanoparticle based 
detection and isothermal DNA amplification 
technologies and discuss their application in 
biosensor platforms in greater detail. 

 
 

5. Diagnostics Based on Gold 
Nanoparticles 
 
The relatively new field of nanodiagnostics uses 

materials, systems or devices measured on the 
nanometer scale (10-9 m) to improve methods of 
detection, especially in the area of molecular 
diagnostics [39]. The result is the creation of faster, 
more flexible and more sensitive tests where 
nanoparticle labels or tags allow detection signals to 
be picked up more readily than is the case in 
traditional techniques [40-41]. Nanodiagnostics offer 
the potential for improvements in immunochemistry, 
cancer diagnosis, biomarker research, genotyping and 
detection infectious microorganisms [40]. 
Nanoparticles have become the most commonly used 
nanomaterial in developing new diagnostic 
approaches over the last ten years, with gold 
nanoparticles (AuNP), quantum dots (QDs) and 
magnetic nanoparticles (MNPs) at the forefront [40, 
42]. AuNP have a high surface area and easy 
functionalization (thiol-linked ssDNA), but most 
importantly can boast unique optical properties (red 
SPR band at 520 nm with a weak dependence on size 
but able to change strongly with shape and inter-
particle distance). AuNP also works as a catalyst, so 
these properties taken overall make AuNP the ideal 
choice for biosensing enhancement [43].  

The potential application of AuNPs in clinical 
diagnostics which has been most widely explored is 

the detection of DNA targets using AuNP probes 
(AuNP-ssDNA probe). Colorimetric assays rely upon 
the ability of AuNP in close proximity to form large 
aggregates, leading to a colour change from red to 
purple in the AuNP suspension [44-45]. The first 
DNA sandwich hybridization colorimetric assay to 
use AuNPs was reported by Mirkin and colleagues 
[46]. The technique required two thiol-modified 
ssDNA probes (which can hybridize different 
sections of the genetic target) immobilized into 
AuNPs; in the presence of the target, its hybridization 
with the two AuNP probes produces a polymeric 
network bringing the AuNP in close proximity and 
thus triggering the colour change as described. The 
mechanism is termed cross-linking detection [45].  

An alternative to this technique, known as a non-
cross-linking colorimetric assay, depends upon the 
aggregation of AuNPs caused by higher salt 
concentrations. The approach then requires a single 
DNA probe (complementary to the DNA target) to be 
immobilized onto the AuNPs surface. If the target is 
present, hybridization of the target with the probe 
prevents aggregation of AuNP when the solution’s 
salt concentration is increased, so the colour remains 
red. If non-complementary targets are present, AuNP 
salt induced aggregation is not prevented and the 
colour would therefore change from red to  
purple [47].  

Colorimetric based detection protocols have been 
created for the detection of TB using gold 
nanoprobes [48-49]. The method continues to employ 
a PCR stage to amplify the DNA during the process 
of preparing the sample prior to detection. Without 
signal amplification, colorimetric assays have a 
detection limit which falls in the range of nanomolar 
(nM) to micromolar (μM) [45]. Therefore the method 
is not sufficiently sensitive to detect nucleic acids in 
the concentrations normally found in biological 
matrices. Consequently the approach must be used in 
combination with amplification of the target (PCR) or 
amplification of the signal (silver enhancement) [50]. 
Of all these various techniques using AuNP, the most 
widely examined have been the colorimetric 
techniques. On account of their ease of use and 
portability, colorimetric methods show the greatest 
potential for use in performing diagnosis at the point 
of care. Some of the methods rely upon observation 
of the colour change resulting from the plasmon 
coupling of AuNP upon aggregation, but others 
simply make use of the colour-reporting capacity of 
AuNP for scattering and absorbance [51-55]. It is 
possible, however, to select either the functionalized 
or non-functionalized AuNP method. 

 
 

5.1. Non-Functionalized AuNP Method 
 

Li and colleagues [53] developed a method which 
investigates the differential propensity of ssDNA and 
dsDNA adsorption to AuNP [53]. On account of the 
electrostatic interaction between the negatively 
charged surface of AuNPs with a citrate capping and 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 13-29 

 19

the free bases of ssDNA, increased stability is 
conferred upon the AuNP by the ssDNA as the ionic 
strength is increased. This observation led Li and 
colleagues to combine AuNPs with citrate capping 
through a PCR procedure, utilizing ssDNA probes 
complementary to the amplicon. When the PCR 
amplification is successful, a complementary target is 
created for the ssDNA probes to hybridize, producing 
a dsDNA which does not adsorb to the surface of 
AuNPs. As ionic strength increases, the AuNP will 
aggregate and thus change colour from red to purple. 
However, if the PCR amplification fails, the ssDNA 
probes are still available to adsorb to the surface of 
AuNP, preventing aggregation when an electrolyte  
is added.  

This simple approach undoubtedly has a certain 
elegance, but it is necessary to carefully fine tune the 
PCR protocol for all primers (also in ssDNA form) to 
be consumed lest a false negative be produced. False 
negatives may also occur as a result of the 
amplification reaction not being performed as a 
consequence not of a lack of complementary target 
DNA, but of other factors such as inactive 
polymerase or a lack of dNTPs. The primer and 
probe design must therefore be addressed with great 
care to prevent hairpin or primer dimer formations 
which might produce false positive results. 

 
 
5.2. Functionalized AuNP Method 

 

5.2.1. Cross-Linking Method  
 

Detection methods using AuNP functionalized 
with thiol-modified oligonucleotides (Au-
nanoprobes) can increase the specificity in 
comparison with methods based on non-
functionalized AuNP which depend upon non-
specific interactions between AuNP and ssDNA. The 
very first use of AuNP in nucleic acid detection 
closely followed functionalization of AuNPs with 
thiol-modified oligonucleotides [51]. Mirkin and 
colleagues were able to functionalize AuNP with 
oligonucleotides modified with a thiol group at their 
3’- and 5’-ends. Identification of the target DNA 
sequence was accomplished since the sequences were 
contiguous and complementary to a target in  
a tail-to-tail (or head-to-tail) conformation. Upon 
hybridization between the target DNA and the 
sequences of the Au-nanoprobes, the Au-nanoprobes 
are closer to form a cross-linked network which 
results in the aggregation of the AuNP. If the target is 
absent, the approach results in a red solution, while if 
the target is present, the resulting solution is  
purple [56]. 

Cross-linking aggregation results in a colour 
change in which the solution can be observed by the 
naked eye changing from red to purple. Alternatively, 
the change can be observed on reverse-phase silica 
plate or through visible spectroscopy. The technique 
permits single base mismatches to be detected when 
the denaturation temperature of the cross-linked 

nanostructures is controlled, because the melting 
transition is very sharp [57]. 

 
 

5.2.2. Non-Cross-Linking Method 
 
Following the work with AuNP by Mirkin and 

colleagues [51], a number of other approaches to 
nucleic acid detection have been explored, with some 
using a single Au-nanoprobe instead of a pair for the 
cross-linking method. 

Sato and colleagues are responsible for one of 
these techniques, whereby a differential aggregation 
of the Au-nanoprobe takes place when 
complementary, mismatched or non-complementary 
target are present [36]. This aggregation is induced as 
the ionic solution strength increases. Initially, this 
non-cross-linking approach was developed using 
synthetic oligonucleotides which had sequences of 
equal length to the Au-nanoprobe. Therefore, upon 
full hybridization of the complementary target 
sequences with the Au-nanoprobe, the formation of 
heteroduplexes with a blunt-end takes place. This 
leads the Au-nanoprobe to become less stable as the 
ionic strength increases, whereupon it aggregates and 
shows the colour change from red to purple. If non-
complementary targets are present, or if a mismatch 
occurs at the end of the Au-nanoprobe, formation of 
the blunt-end heteroduplexes fails to occur and the 
aggregation of the Au-nanoprobe does not take place. 
At the same ionic strength that induces 
complementary/Au-nanoprobe complexes to 
aggregate, the Au-nanoprobe remains dispersed and 
no colour change is observed. However, a problem 
with this approach arises when it is applied to real 
biological samples because these genuine biological 
targets are typically of greater length than the Au-
nanoprobe sequence and cannot produce the blunt-
end heteroduplex hybridization that forms the basis 
of the method. As a means of addressing this 
particular issue, Sato and colleagues applied a PCR 
amplification followed by a single base primer 
extension technique when testing biological samples 
in order to detect single nucleotide polymorphism 
(SNP) at room temperature. 

Our group has modified the non-cross-linking 
approach by developing a simpler method of 
detection nucleic acid in biological samples, while 
the method is also able to detect specific DNA and/or 
RNA containing a longer sequence than the Au-
nanoprobe sequence [37]. Detection is accomplished 
in this method through a colour comparison when salt 
is added to solutions which contain the Au-nanoprobe 
and a target sequence which is either complementary 
or non-complementary. When a complementary 
target is present, aggregation does not occur upon salt 
addition and no colour change takes place. However, 
if a non-complementary target is present, Au-
nanoprobe aggregation is not prevented so a colour 
change from red to purple can be observed (Fig. 2) 
resulting in an SPR band (Fig. 3).  
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Fig. 2. Experimental schematic representation of a LAMP-AuNPs probe based colorimetric assay used in this study. The 
assay comprises visual comparisons of test solutions before and after AuNPs probe aggregation induced by MgSO4;  

(i) AuNPs probes alone as Blank; (ii) AuNPs probes in the presence of a non-complementary DNA sample as Negative;  
(iii) AuNPs probes in the presence of a complementary DNA sample as Positive. (Adapted from Copyright © 2013, 

International Frequency Sensor Association, Spain). 
 
 

 
 
Fig. 3. Visible spectra absorption of the AuNP nanoprobe, LAMP hybridized with AuNP nanoprobe (positive), LAMP 

hybridized with AuNP probe (negative) and distilled water with AuNP probe (blank) measured after salt addition. 
 
 

6. Synthesis of Nanoprobes and the 
Function AuNP Probes 
 
All of the glass materials used in the AuNP 

synthesis were first immersed in freshly prepared 
aqua regia (1:3, HNO3 : HCl) and subsequently 
washed rigorously in Milli-Q H2O (18.2 MΩ.cm at 
25°C). The metal materials used in the synthesis 
process were covered with aluminium foil while 
Milli-Q H2O was used for all solutions. An AuNP 
colloidal of average diameter 13 nm underwent 
synthesis via the citrate reduction method and was 
prepared using a modified version of a method by Liu 
and Lu [58]. Succinctly, 1 mM hydrogen 
tetrachloroaurate trihydrate (HAuCl4) (Sigma–
Aldrich, St. Louis, MO, USA) was stir mixed in 
250 ml distilled water and boiled vigorously prior to 

the rapid addition of 38.8 mM sodium citrate tribasic 
dihydrate (Sigma–Aldrich, St. Louis, MO, USA). The 
resulting solution was permitted to cool to room 
temperature; during this period a colour change was 
observed from yellow, to clear, to black, to purple 
and eventually to ruby red. Finally, the optical 
spectrum of the colloid gold was measured  
by UV–visible spectral analysis (λmax~520 nm) 
(NanoDrop 2000, Thermo Fisher Scientific, Madison, 
WI, USA) and the colloid gold solution was  
stored at 4°C. 

An oligonucleotide probe to be used in the  
AuNP-based hybridization was designed based on the 
sequence spanned by the F1c-B1c region of the 
LAMP amplicon and labeled using a thiol group at 
the 5′ end. Preparation of the oligonucleotide-labeled 
AuNP probe involved a modified version of a 
previous technique [59]. In short, the AuNP probes 
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preparation process involved the incubation of the 
thiol-modified oligonucleotides with the AuNP.  
A 5 nM oligonucleotide probe was added to 5 ml 
colloidal AuNP and incubated for 24 hours at 50°C 
with shaking at 150 rpm. Then, the wash buffer 
(10 mM phosphate buffered saline (PBS) containing 
100 mM NaCl and sodium dodecyl sulfate (SDS) at a 
final concentration of 0.01 %) was added gradually to 
the mixture before a second incubation period of two 
days at 50°C with shaking at 150 rpm. After 
centrifugation at 16,110 g at 4°C for 45 min, the 
pellet was washed with 500 µl wash buffer and re-
suspended in 800 µl of the same buffer and stored in 
darkness at 4°C.  

Furthermore, wide ranging studies of AuNP have 
been carried out to examine their optical properties 
which result from their surface plasmon resonance 
(SPR) [60]. The exceptionally high absorption 
coefficients of AuNP permit greater sensitivity in 
optical detection methods than would be the case 
with conventional dyes. Generally, colloidal solutions 
of spherical AuNP are red with the SPR band 
centered at 520 nm. This band is weakly dependant 
on the size of the particle and the refractive index of 
the surrounding media [61-62], but changes strongly 
depending upon shape [61-62] and inter-particle 
distance [63].  

The colorimetric detection of analytes benefits 
from the strong absorption of AuNP, either when 
aggregation of AuNP is induced if specific analytes 
are present [64-65], or when biological analytes are 
adsorbed, resulting in measureable changes in the 
refractive index of the AuNP environment [66]. 
While the optical properties of AuNP are 
advantageous, their catalytic properties can also be 
applied to develop sensitive detection techniques. 
One such example is electrochemical detection, 
which can be combined with enzyme assays [67-69] 
and/or with metal deposition to enhance signals [70]. 
To use AuNP successfully in biological assays does, 
however, require the ability to synthetically produce 
nanoparticles which possess certain specific 
characteristics. These include adequate morphology, 
high solubility in water, surface functionalities and 
size dispersion. Reports have detailed a number of 
synthetic preparation strategies for AuNP [71-72]. 

Additionally, there are several published methods 
of preparing water-soluble AuNPs with SPR bands in 
the near infrared [73]. This particular AuNP type has 
potential biological applications, and may enable the 
use of AuNP in biological fluids while avoiding the 
problem of interference due to the absorption of other 
biological molecules. It may also become possible to 
carry out multiplexed analysis with the simultaneous 
use of AuNP absorbing at different wavelengths. 

 
 

6.1. Stability of Au-Nanoprobes 
 
The colorimetric changes of Au-nanoprobes 

resulting from differential stabilities in solution at 
varying salt concentrations are the key to the non-

cross-linking method. It is therefore essential to be 
able to characterize Au-nanoprobe stability in order 
to apply the method effectively. Various effects 
require characterization, including the pH effect, salt 
effect, probe density effect and Au-nanoprobe 
concentration effect.  
 
 

6.2. pH Effect 
 

It has been suggested that the stability of Au-
nanoprobes might alter as pH varies, given that the 
charge of DNA depends strongly on the pH. Recent 
evidence shows that Au-nanoprobes are stable within 
a range from pH 4 to pH 12, but outside these values 
they will aggregate. However, DNA hybridization, 
which is essential for the non-cross-linking method, 
takes place only between pH 6.5 to pH 8 [73], so the 
effects of pH upon Au-nanoprobe stability have not 
been investigated in any depth beyond this  
narrow range. 

 
 

6.3. Salt Effect 
 
The first tests of Au-nanoprobe stability against 

salt-induced aggregation involved the use of 
increasing concentrations of NaCl. 
Spectrophotometric data was acquired every 
18 seconds for up to 30 minutes, but it was found that 
increasing NaCl concentrations had minimal to no 
effect on Au-nanoprobes until the concentration was 
reached for salt induced aggregation of the Au-
nanoprobes to occur, resulting in the red-shift in the 
SPR band from 526 nm to 600 nm and hence a colour 
change in the solution from red to purple. When 
aggregation occurs, a decrease in the absorbance of 
Au-nanoprobes’ SPR band located in the UV region 
follows. Both spectrophotometric and colorimetric 
changes result from the plasmon coupling in the 
AuNPs as the particles are drawn together, reducing 
the inter-particle distance as the Au-nanoprobes 
aggregate [74]. 

 
 

6.4. Probe Density Effect 
 
As the electrolyte concentration increases during 

the salt process, the Au-nanoprobe density also rises 
notably. This occurs as the non-specific binding is 
neutralized [75], and shows that the Au-nanoprobe 
density has an initially small influence upon the 
stability of Au-nanoprobes, which becomes more 
intense at higher densities. Mirkin and colleagues 
provide evidence that Au-nanoprobe stability 
depends on the derivatized oligonucleotide  
density [76]. 

 
 

6.5. Au-Nanoprobe Concentration Effect 
 

Stability tests regarding Au-nanoprobe 
concentrations have been carried out up to the final 
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concentration of 2.5 nM Au-nanoprobes, which is the 
point where the signal change in colour is visible to 
the naked eye. Results suggest that the salt-induced 
aggregation of Au-nanoprobes might be influenced 
by the solution concentration because concentration 
levels affect the probability of Au-nanoprobes  
self-interacting. 

 
 

7. Application of LAMP-AuNP  
Nano-probes to Detect Tuberculosis 
 

In 2006, Baptista and colleagues were the first to 
use AuNP for the detection of MTB [48]. This 
particular assay relied upon the differential 
stabilization of AuNP probes when different DNA 
targets are present. Complementary DNA targets 
prevent the aggregation of AuNP probes so no colour 
change would be observed, but in their absence, the 
aggregation of AuNP probes is not prevented and 
therefore a visible colour change occurs from red to 
purple. This technique used AuNP probes which 
were functionalized with thiol-modified 
oligonucleotides with a specific RNA polymerase  
β-subunit gene sequence of MTB suitable for the 
identification of mycobacteria in clinical samples. 
Combining the approach with target amplification 
through PCR resulted in high sensitivity [48]. 
However, the introduction of the amplification stage 
extends the total processing time and adds to the 
number of reagents and other equipment items 
required, making the assay more expensive. 
Furthermore, the use of PCR is heavily dependent on 
expert staff and expensive laboratory conditions so it 
is not suitable for implementation in developing 
countries. To avoid the limitations imposed by PCR, 
our group has devised a novel LAMP method 
through which AuNP are able to amplify a limited 
number of copies of DNA to 109 within an hour 
under isothermal conditions and with considerable 
accuracy. This approach offers speed, high 

sensitivity, low cost, and is relatively simple to use 
[37]. Combining the properties of AuNP probes 
described earlier with a loop-mediated isothermal 
amplification method leads to a number of 
advantages, most notably in terms of cost, ease of 
use, time and sensitivity. 

 
 

7.1. Preparation of Samples 
 
The samples were first extracted for DNA. If 

sputum is used as the clinical specimen, it must first 
be decontaminated with N-acetyl-L-cysteine-sodium 
hydroxide. After centrifugation, the crude cell lysates 
were suspended in 300 µl of distilled water, killed 
with heat at 95°C for 20 min in Thermoblock, and 
then underwent sonification at the highest speed 
setting in an ultrasonic bath for 15 min. This was 
followed by the spinning of the samples at around 
10,000 g for 5 min in a standard centrifuge with an 
aerosol-tight rotor. The supernatant was then used for 
the LAMP amplification. The sputum sample was 
compared with those from a standard culture assay on 
Löwenstein-Jensen slants and incubated at 37°C for 
interpretation in 8 weeks. It should be noted that the 
Ziehl-Neelsen method was used to detect the partial 
sputum [36]. 

 
 

7.2. Designation of TB-LAMP Primers 
 
The LAMP primers used in MTB detection were 

designed according to the published sequences of the 
IS6110 gene specific for the MTB genome (Gen-
Bank accession No. X17348) using Primer Explorer 
version 4 (http://primerexplorer.jp/elamp4.0.0/index.- 
html). All details and directions for these primers are 
displayed in Table 1 and Fig. 4. Synthesis of both the 
normal primers and the biotin-labelled FIP primer 
was performed by Bio Basic Inc., Canada.  

 
 

Table 1. Primers and probes used for LAMP of the IS6110 gene of MTB [36-37]. 
 

Primer name Genome position Sequences 5’- 3’ 

F3 581-597 GCCAGATGCACCGTCGA 

B3 759-740 GACACATAGGTGAGGTCTGC 

FIP (F1c/TTTT/F2) 664-646/TTTT/604-623 
AGCGATCGTGGTCCTG CGG-TTTT- 

GATGACCAAACTCGGCCTGT 

BIP (B1c/TTTT/B2) 682-699/TTTT/738-721 
TCCCGCCGATCTCGTCCA-TTTTT- 

ACCCACAGCCGGTTAGGT 

Thiol modified probe 665-680 ATCCGGCCACAGCCC 

 
 
Following the submission of DNA sequences of 

IS6110 of specific MTB for analysis through online 
software, a number of LAMP primer sequence sets 

were presented. This experimental method used B3, 
F3, FIP and BIP primers, while four further primers 
shown in the presentation were not included in the 
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experimental method. Table 1 shows the primer 
sequences in addition to the sequence of the thiol 
oligonucleotide probe used for hybridization with the 

LAMP amplicons [36]. Fig. 4 details the exact 
locations of these sequences within the MTB genome 
from Thailand.  

 
 

 
 

Fig. 4. Nucleotide sequence of IS6110 (GenBank accession number: X17348). The primers F3 and B3 were shown as 
underlined nucleotide sequences. The FIP (F1c/TTTT/F2) and BIP (B1c/TTTT/B2) inner primers were colour boxes and 

arrows. The thiol-modified probe sequence was shown as italic and underlined sequences [36-37]. 
 

 
7.3. Temperature Optimization for  

TB-LAMP 
 
The LAMP reactions were performed at the 

optimal temperatures for amplification: 60, 63 and 
65°C for a period of one hour. The LAMP products 
were then analyzed by gel electrophoresis. The 
reaction mixture comprised 2 µM each of inner 
primers FIP and BIP, 0.2 µM each of outer primers 
F3 and B3, 8U of Bst DNA polymerase (large 
fragment; New England Biolabs Inc., Beverly, MA, 
USA), 1X of the supplied buffer, and 50 ng of the 
DNA target in a final overall volume of 25 µl. 

LAMP was performed for MTB detection at 60, 
63 and 65 °C for 60 min using the same DNA target. 
Similar LAMP products patterns were produced at all 
three temperatures, though strong clear bands 
appeared most readily at 63 °C [36]. The 
concentrations of betaine were also optimized, with 
the finding that 0.5 M produced the highest 
amplification level, although this particular reagent 
can exhibit differing optimal concentrations 
depending on the pathogen infection  
concerned [77-79]. It is possible that these 
differences are the consequence of the amplification 
of different DNA or RNA sequences. A full 
understanding of the role of betaine in LAMP 
reactions has not yet been reached, although it has 

been suggested that the function is to make RNA or 
DNA template sequences accessible for DNA 
polymerase and to destabilize GC-rich templates. 
Standard protocols described previously were 
followed with other components, including outer 
primers (F3 and B3), dNTPs, and MgSO4 and Bst 
DNA polymerase. 

 
 

7.4. LAMP Combined with AuNP Nanoprobe 
Based Colorimetric Assay 

 
The hybridization process used to detect LAMP 

amplicons took place at 63°C for 5 min in a mixture 
of LAMP amplicon solution and AuNP nanoprobe 
totalling 15 µl in volume. Aggregation results as the 
salt concentration increases, so the effects of different 
concentration levels of MgSO4 on the AuNP probe in 
a 5 µl fixed volume were investigated. Under optimal 
conditions for AuNP nanoprobe hybridization, it is 
then possible to determine the nature of the 
relationship between the UV–Vis adsorption 
spectrum and AuNP nanoprobe aggregation. 
Comparisons for LAMP amplicons were then made 
using three DNA template types: the first extracted 
from MTB as a positive complementary target, the 
second from distilled water as a blank, and the third 
from non-MTB as a non-complementary DNA target. 
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The colour change from red to purple was visible 
using either the naked eye (Fig. 2) or UV–visible 
spectrum analysis (NanoDrop 2000, Thermo Fisher 
Scientific, Madison, WI, USA) (Fig. 3). 

 
 

7.5. Sensitivity and Specificity of LAMP by 
Gel Electrophoresis and Colorimetric 
Assay 

 

The sensitivity limit detection, 10-fold serial 
dilutions (10-1 to 10-6) of 50 ng of total DNA of MTB 
M. tuberculosis standard strain culture were used as 
DNA template LAMP tests performed under 
optimized conditions. It was possible to assess the 
specificity of LAMP primers through the use of 50 ng 
of total DNA extracted from other mycobacterium 
types. The infectious types involved were  
M. intracellulare, M. avium, M. fortuitum,  
M. kansasii and M. gordonae. The LAMP products 
were all analyzed by using AuNPs probe and also 
through 2 % agarose gel electrophoresis. 

 
 

7.6. PCR for MTB Detection 
 

Ten-fold serial dilutions of 50 ng/µl of total DNA 
extracted from MTB were employed as the template 
for PCR detection of MTB using the Thermal Cycler 
(Touchgene Gradient, model: FTGRAD2D, Techne 
Ltd.) as recommended by the manufacturer. The 

method used was able to target the IS6110 of MTB 
[80]. Detection of the PCR products was achieved by 
initially using a process of 2 % agarose gel 
electrophoresis which was followed by  
ethidium bromide staining and visualization on a  
UV transluminator. 

 
 

7.7. Comparison of Sensitivity with Gel 
Electrophoresis 

 
The detection limits for LAMP and PCR were 

both at 10−4 (5 pg of genomic DNA) (Fig. 5a – 5c) 
when equal quantities of DNA which had been 
extracted from infected samples containing MTB 
(H37Rv) were used as DNA templates at varying 
dilutions. As described earlier, this particular assay 
corresponds to the detection limits for LAMP or PCR 
methods followed by electrophoresis. The detection 
limit was not significantly different to that of 
previous reports [79] and was found to be lower than 
that of Ayan and colleagues [78]. In addition, the 
LAMP method performed for 60 min at 63°C proved 
faster than common PCR methods which take  
2–3 hours to complete the PCR cycling process. It 
was not necessary to use expensive equipment and 
the results were available in a little over an hour (1 h 
10 min if the preparation time for DNA is not 
included). This was faster than the LAMP method 
used by Ayan and colleagues [78].  

 
 

 
 

Fig. 5. Detection sensitivity data for M. tuberculosis DNAs at concentrations from 10−1 to 10−6 dilutions (initial 
concentration of 50 ng) taken from (a) PCR assay, (b) LAMP assay and (c) LAMP-AuNPs probes based colorimetric assay; 

Lanes M and N represent the DNA ladder marker and negative control (no-DNA template), respectively [37]. 
 
 
 
The limit for LAMP-AuNP nanoprobes 

colorimetric assay to detect MTB was shown to be at 
10−4 DNA dilution (5 pg of genomic DNA), the same 
as for LAMP and PCR-gel electrophoresis.  

The colorimetric method signals the detection of 
either a complementary or non-complementary target 
sequence by a change in colour of the AuNP probe in 
solution when the concentration of MgSO4 is 
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increased. Extensive probe aggregation is shown in 
Fig. 2. The blue colour is clearly visible following the 
use of 0.1 M MgSO4 at final concentration in both 
Blank and Negative samples. The Positive samples 
differed since they contained the complementary 
DNA which prevented the aggregation of AuNP 
nanoprobes, so the solution did not change colour. 
The red colour confirms the avoidance of aggregation 
through the hybridization of the DNA sequence on 
the AuNP nanoprobes to its complementary DNA 
sequence to form a double-stranded DNA structure. 

7.8. Specificity of LAMP-AuNPs Probe Based 
Colorimetric Assay 

 
Specificity testing was carried out using 50 ng of 

MTB DNA and 50 ng each from M. intracellulare, 
M. fortuitum, M. avium, M. kansasii and  
M. gordonae. According to the data, the LAMP-gel 
electrophoresis did not produce cross-reactions 
(Fig. 6 a) in LAMP-AuNPs based probes colorimetric 
assay (Fig. 6 b). 

 

 
 

Fig. 6. Data for specificity testing of the LAMP method using 100 ng each of DNA templates for detection of MTB by (a) 
gel electrophoresis or (b) LAMP-AuNPs based probe colorimetric assay. Lane M represents the DNA ladder marker. Lanes 

2-7 represent DNAs of M. tuberculosis (MTB), M. intracellulare (MIC), M. fortuitum (MFT), M. avium (MAV), M. kansasii 
(MKS) and M. gordonae (MGD) respectively. Lane 8 is representative of negative control (no-DNA template) [37]. 

 
 

No cross-reactions were found with other 
mycobacteria, from which it can be inferred that the 
LAMP method was specific for MTB. A combination 
of the LAMP protocol with AuNPs probes based 
colorimetric assay for amplicon detection resulted in 
a faster and simpler process when compared with the 
conventional approach using electrophoresis. The 
total time taken for analysis was less than 75 minutes 
if the DNA extraction step is not included. The main 
advantages of this assay approach lie in its high 
specificity and sensitivity, the fast analysis time and 
the avoidance of expensive equipment [36-37]. 

In addition to its ability to detect MTBC and 
MTB cells, it is also possible to develop LAMP-
AuNP assay as a platform which can be used with 
other samples requiring detection of specific DNA 
fragments. In comparison with more conventional 
systems for detecting DNA, in which the specificity 
is dependent upon the specific DNA primer 
sequences involved in the DNA amplification stage, 
AuNP probes assay offers the advantage of improved 
specificity resulting from the addition of AuNP 
probes for detection. This approach is able to reduce 
background interference caused by non-specifically 
amplified DNA fragments during the PCR process.  

Evidence suggests that AuNP probes were able to 
detect Mycobacterium in clinical samples using a 

single probe for the specific annealment of the RNA 
polymerase β-subunit gene [48]. As a consequence of 
these advantageous characteristics, the sensitivity and 
specificity levels of this assay used for the clinical 
diagnosis of MTBC organisms were measured at 
96.6 % and 98.9 %, respectively, while for MTB the 
values were found to be 94.7 % and 99.6 %, 
respectively, representing a significant improvement 
over conventional methods. Furthermore, future 
developments of an automated version of this 
technique may be possible, using a 
spectrophotometer to read the results [49]. 
Meanwhile, the Au-nanoprobe approach is moving 
towards the discrimination of specific mutations 
(multi drug resistance) within inhA and katG genes in 
DNA from clinical samples which has been PCR 
amplified. When a multiplex PCR reaction is 
employed for inhA and rpoB genes, the assessment of 
both loci in parallel becomes feasible, and may serve 
to extend the potential of the Au-nanoprobe method 
to MDRTB molecular characterization at the point-
of-need. The optimized detection procedure uses 
loop mediated isothermal amplification (LAMP) in 
order to avoid standard PCR, and is able to 
discriminate between rpoB531WT and rpoBS531L 
mutations [81].  



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 13-29 

 26 

From this it can be inferred that the LAMP-AuNP 
nanoprobe method exhibits high specificity and 
sensitivity for the target sequences. It is superior to 
conventional electrophoresis detection methods 
because it is able to confirm the pathogen product 
through nucleic acid hybridization within the 
relatively short analysis period of 75 min (not 
including the DNA extraction stage). Furthermore, 
no carcinogenic reagents are required. This approach 
is therefore better suited to conditions in the field 
than the PCR approach which relies upon the thermal 
cycler and the electrophoresis detection of products. 
In conclusion, it is an appropriate solution for the 
fast, cheap and simple detection of MTB. 
 
 

8. Conclusions 
 

The detection of MTB in clinical specimens was 
performed via LAMP-AuNP nanoprobes based 
colorimetric assay. In the process used in this study, 
the LAMP method was applied at 63°C for 60 min 
which represented a significant time saving over 
PCR methods which typically require around 2–3 h 
for the PCR cycling stage. The test proposed in this 
paper needs no expensive equipment and makes its 
results available within a period of approximately 
one hour, if DNA preparation time is not included. 
This assay was therefore faster than LAMP-gel 
electrophoresis (which takes 2 h 30 min) and 
significantly faster than PCR-gel electrophoresis 
(which takes 3 h 30 min).  

A LAMP detection technique which targets a 
178 bp sequence of the IS6110 was developed 
successfully to detect MTB (H37Rv) with a limit as 
5 pg of genomic DNA. As a result of the high 
sensitivity and specificity, the short time consumed, 
the convenience and the relatively low cost, it is 
anticipated that this approach may become a highly 
effective means of providing early MTB diagnosis. 

The potential for future developments may extend 
also to multiplex LAMP detection of different kinds 
of MTB and MTB-drug resistance using universal 
LAMP primers but variously labelled DNA probes 
which are able to target different regions of strain-
specific amplicons to provide different  
LAMP-AuNP nanoprobes on the same test. 
Moreover, the potential exists to develop the 
multiplex LAMP-AuNP nanoprobe method to allow 
the simultaneous detection of more than one target. 
For example, one possible choice of pair could be 
MTB and MTB-drug resistance since these are 
commonly found in TB, often in the form of mixed 
MTB and MTB-drug resistance. 
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Abstract: DETECHIP® is a detection system made of various sensors that has been shown to detect and 
discriminate between small molecules of interest, including various illicit drugs for and over-the-counter 
medications, explosives, pesticides and food spoilage metabolites. DETECHIP® employs an array of sensors 
from which an analyte is tested and based on changes in color; a code specific to the analyte is developed. 
DETECHIP® offers possibilities for a simple, sensitive, selective, and affordable alternative to costly 
immunoassays. Results from NMR, UV-VIS and fluorimetry studies suggest that the color and fluorescence 
changes are a result of intermolecular interaction between the analytes and sensors ranging from non-covalent 
covalent bonding of supramolecular structure to proton exchange between the analyte and sensor molecules. 
Current efforts are focused on miniaturization of DETECHIP® to the micro and nanoscale. Copyright © 2014 
IFSA Publishing, S. L. 
 
Keywords: DETECHIP®, Sensor, Drug detection, Colorimetric array, RGB Code. 
 
 
 
1. Introduction 

 

DETECHIP®, short for detection chip, is a 
developing technology consisting of molecular 
sensors that can be used to identify analytes by 
colorimetric changes due to differential interactions 
with analytes [1]. A quick, sensitive, and selective 
detection system is required for many applications, 
such as alerting security officers to the presence of 
explosives or their precursors, pre-incident 
monitoring/screening for homeland security  
purposes such as weapons of mass destruction,  
and detection and quantification of doping 
compounds in competitive sports [2]. The most 
common methods currently used require skilled 
operators and cannot be miniaturized, e.g. gas 
chromatography-mass spectrometry (GC-MS) [3], 
ion trap mobility spectrometry, wet  
colorimetric assays, spot tests such as Marquis,  
Scott Drug Testing Company drug tests 

(www.scottcompany.com), or the b-Glucuronidase 
Drug Analysis Bundle (Sigma-Aldrich) and 
Magnotech technology testing [4]. 

DETECHIP® employs an array of sensors which 
rely on color and fluorescence changes due to 
analyte-sensor interactions. Structures of the original 
eight sensors are shown in Fig. 1. Unlike other color 
tests which provide a single "yes" or "no" response, 
DETECHIP® gives multiple simultaneous responses 
in the form of color and fluorescent changes using 
two different buffers at pH=7, allowing users to 
quickly identify suspect materials. 

Color and fluorescent changes observed for three 
analytes are shown in Fig. 2. Each buffer column has 
an analyte and a control well. By comparing the 
colors it is determined which sensor showed an cloro 
or fluorescent change, coded as '0' for no change and 
'1' for a change. Based on the color and fluorescent 
changes a 32 digit binary code is developed that is 
unique for each analyte.  

http://www.sensorsportal.com/HTML/DIGEST/P_2538.htm

http://www.sensorsportal.com
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Fig. 1. Structures of select DETECHIP® sensors. 
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Fig. 2. Color and fluorescent changes in the 8 original 

sensors as observed on three analytes using the original  
96-well DETECHIP® plate in two buffers, A and B. 

A library of DETECHIP® codes has been 
established for over 100 illicit, over-the-counter 
(OTC) and prescription drugs. Table 1 shows a 
sample of the codes. 

 
 

Table 1. DETECHIP® codes for selected drugs. 
 

Drug DETECHIP Code 
Caffeine 11111111110000111100110011000011 
Cocaine 11111111110000111100110011000011 
Ibuprofen 00000000000000000000110011001111 

 
 

2. Interactions between DETECHIP® 
Sensors and Analyte Molecules 
 

Our studies using NMR methods, UV-Visual and 
fluorescence spectroscopies, show that the color 
changes result from a range of intermolecular 
interaction between DETECHIP® sensors and 
analytes from non-covalent bonded supramolecular 
structures to proton exchange between the sensor and 
analyte molecules [5]. 

Samples of results obtained from our studies are 
given in the figures below. Fig. 3 show 1H-NMR 
spectra with peaks assigned for sensor, DC-1. The 
1H-NMR spectrum for caffeine is given in Fig. 4, 
showing the peak assignments.   

 
 

 
 

Fig. 3. 1H-NMR spectra of Eosin Y with expanded 
aromatic region (inset) showing peak assignments [5]. 
 
 

 
 

Fig. 4. 1H-NMR spectrum of caffeine showing peak 
assignments [5]. 

 
 

The spectra for the mixture of caffeine and DC-1 
is shown overlaid along those of the pure components 
in Fig. 5, the aromatic region and Fig. 6, the aliphatic 
region.  
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A pentet-like peak is observed at 7.7 ppm for the 
mixture that resembles one observed for DC-1 at 
pH=4. This along with the slight down-field shift for 
the DC-1 peaks in the aromatic region, are 
characteristic of protonated DC-1. Caffeine peaks in 
the mixture spectrum show an up-field shift, 
suggesting de-protonated caffeine. This was 
confirmed by COSY and DOSY-NMR spectra (not 
shown) which showed the presence of a two-
component solution. 

 
 

 
 

Fig. 5. An overlay of 1H-NMR spectra of caffeine,  
DC-1, and a mixture of caffeine and DC-1.  

Inset is an NMR spectrum of DC-1 at pH=4 
showing a pentet-like peak at 7.7 ppm that is similar 
to one observed in the caffeine-DC-1 mixture  
at ~7.7 ppm. 

 
 

 
 

Fig. 6. An overlay of 1H-NMR spectra of caffeine, DC-1, 
and a mixture of caffeine and DC-1 showing  

the aliphatic region. 
 
 

A proposed mechanism for the proton abstraction 
from caffeine to DC-1 is given in Fig. 7.  

 
 

 
 

Fig. 7. Mechanism for proton transfer from caffeine to Eosin Y. 
 
 
Fluorescence and NMR spectroscopy studies on 

DC-2 and caffeine suggest the formation of π-stacks. 
Fig. 8 shows a sequential quenching of fluorescence 
as caffeine concentration increases at a constant  
DC-2 concentration. This compares well with the 
quenching of fluorescence observed in increasing 
concentrations of DC-2 at higher molarities (2M and 
above) attributed to π-stacking.  

 
 

 
 

Fig. 8. Fluorescence spectra showing caffeine 
concentration dependent fluorescence of 8 mM  

DC-2 at λex =330 nm. 

3. The Current Form and Future  
of DETECHIP® Device. 
 
DETECHIP® is based on fluorescence and color 

changes from which a unique identification has been 
developed for many drugs. The results in this study 
have shown that some of the color and fluorescence 
changes observed in DETECHIP® assays may be a 
consequence of a proton transfer reaction between 
the sensors and the analyte molecules. Further 
detailed studies are in progress for the interaction 
between other DETECHIP® sensors and other 
analytes. Studies are in progress to expand the 
DETECHIP® library of codes to include steroids  
and hormones [6]. 

Analysis of DETECHIP® has shifted to include 
image analysis via RBG color channel image 
analysis using Adobe Photoshop, ImageJ, or similar 
software, and the use of an Axon 400 a microarray 
fluorescence reader. DETECHIP® has developed 
from its original 96-well plate platform to a 
miniaturized, solid phase assay that is printed using 
either modified desktop inkjet or piezoelectric 
printers read in a toaster-size reader, seen in Fig. 9. 

 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 30-33 

 33

3 cm 

 
 

Fig. 9. Micro-DETECHIP® 
printed on nylon sheets  

in array holder (left) that can be analyzed using a specialty 
reader (right) that incorporates image analysis. 

 

 
Current work using inkjet or piezoelectric 

printing employs an array of surfaces such as nylon 
membranes, transparency-coated polyester (TCP) 
film, and various types of thin-layer chromatography 
(TLC) plates. 

The ultimate goal is to develop a hand-held 
device the size of a cellphone that can be used by 
anybody to test for drugs. This work was presented at 
the NSTI Nanotechnology Conference and Expo, 
Washington, DC, United States, June 2013 [7] 
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Abstract: Hemoglobin has a very strong affinity with oxygen and thus is a good catalyst to carry oxygen for 
many oxidation reactions. Many researchers have explored this property of hemoglobin to develop sensors for 
the detection of nitrite and peroxide that are important in biomedical and environmental monitoring. We have 
previously reported the development of biosensors that can detect nitrite and peroxide with a lower detecting 
limit below 1×10-12 M, that were among the best detectors at the time. With a similar sensor platform, we have 
now developed a biosensor that can detect the oxidation reaction orders of magnitude better than the previous 
sensors. The sensor comprises layers of biocomposite made up of a polymer, nanogold particles, and a complex 
protein on the surface of an electrode. The performance of this electrode biosensor is compared with the 
previously developed sensors, the durability and other factors that can affect the performance and fabrication of 
this biosensor are discussed. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Oxidation, Nitrite, Peroxide, Nanogold particles, Biosensor. 
 
 
 
1. Introduction 

 

Rapid development of microelectronics and 
nanotechnology enable fabrication and functionality 
of immunosensors to territories that were 
inconceivable decades ago. Different methods of 
fabrication and combination of reagents are being 
studied to obtain optimal and efficient biosensors for 
a variety of purposes. Our research group has been 
developing a platform for electrochemical sensing 

that is versatile with high detection sensitivity  
[1-3], it can be used for detecting various chemical 
species and bioelectrolytes for environmental 
monitoring, as well as health care diagnostic testing. 

In 2009, we reported a biosensor coated with 
hemoglobin (Hob) that could detect nitrite and 
peroxide well below parts per billions [2] which was 
one of the leading biosensors of the time for the 
testing of nitrite and peroxide. Since then, our 
research group has made strides towards the sensing 

http://www.sensorsportal.com/HTML/DIGEST/P_2539.htm

http://www.sensorsportal.com
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selectivity and sensitivity of this sensor platform. In 
this study, we have modified our sensor preparation 
by using a different coupling bioenzyme pair (human 
immunoglobulin) that can detect most bioredox 
reactions. In this report, we compared the 
performance this newly modified biosensor with the 
senor that we reported in 2009. Nitrite and peroxide 
were also used as surrogates of environmental 
pollutants and biometabolites for the testing 
comparisons of oxidative species (species production 
as a result of redox reaction). It should be noted that 
the performance of the sensor prepared with Hb in 
this report is far superior than the one we reported in 
2009 due to progress in our sensor preparation. We 
also have tested the sensors fabricated with different 
anchoring materials (Au, Pt, and glassy carbon) for 
performance comparison. Table 1 and Table 2 list the 
major methodologies used in recent years in 
nitrite/nitrate and peroxide detection, with their 
detection limits and linear ranges, as well as the type 
of electrodes used. 

 

2. Materials and Methods 
 

2.1. Materials 
 

The electrodes used in the modification were gold 
(Au), platinum (Pt) and glassy carbon (GCE), 
purchased from Tianjin Aida Heng Sheng Co, 
Tianjin, China. The electrodes had a diameter of 
0.2 cm. The platinum counter electrode (in the 
electrochemical cell) had a diameter of 0.1 cm and 
length of 0.5 cm. The electrochemical measurements 
were carried out on a Gamry 600 potentiostat. 
Cysteamine, melamine, anti-HIgG (human 
immunoglobulin), HIgG, bovine serum albumen 
(BSA), hemoglobin (Hb), herring DNA, 
AuCl3HCl•4H2O (Au %> 48 %), and sodium citrate 
were purchased from Sigma-Aldrich Chemical Co, 
St. Louis, MO, USA. All the other chemicals in the 
solution preparations were of analytical grade.  
All experiments were carried out in a deoxygenated 
0.1 M phosphate buffer solution at pH 7.0.  

 
 

Table 1. Summary of Recent Studies (1997-2012) of Detecting Nitrite/Nitrate by Electrochemistry. 
 

Material Detection Coupling (Enzyme) Linear Range Detection Limit 

Platinum Electrode Nano-TiO2/chitosan 5.0 µM - 1.0 mM 1.28 × 10-6 M [4] 

Gold Electrode 
Cytochrome c/Nafion and a Cu-Mg-Al 
layered double hydroxide/GoldE 

0.75 µM - 123 µM 2 × 10-7 M [5] 

Glassy Carbon 
Electrode 

Hb/multiwall carbon nanotube-
CdS/chitosan/GCE 

0.60 µM- 0.80 mM [6] 

 
HB/ZrO2/[BMIM]BF4/chitosan/GCE [7] 

 
AuNPs/Cu calcined layered double 
hydroxide/GCE 

1 µM - 191 µM 0.5 µM [8] 

 
Hb/GCE 0.47 µM [9] 

 
Hb/nafion/carbon nanochips/GCE [10] 

 
Hb/RTILs/MWNTs 4.0 × 10-6 M - 3.2 × 10-4 M 8.1 × 10-7 M [11] 

 
Hb/CNPs/polyvinyl alcohol/GCE 0.2 mM - 1.8 mM [12] 

 
Hb/CdS hollow nanospheres/GCE 0.3 µM - 182 µM 0.08 µM [13] 

 
AuNPs/ethylenediamine/GCE 1.3 × 10-4 M - 4.4 × 10-2 M 4.5 × 10-5 M [14] 

 
Hb/hexagonal mesoporous 
silica(HMS)/GCE 

0.2 µM - 3.8 µM 6.11 × 10-7 M [15] 

 
Hb/GCE 2.9 × 10-4 M - 1.1 × 10-2 M 1 × 10-4 M [16] 

 
Hb/gelatine/GCE [17] 

 
Catalase/MWCNTs/GCE 5 µM - 10 µM 1.35 µM [18] 

Indium Tin Oxide 
(ITO) Electrode 

Palladium nanoparticles/ITOE 
 

[19] 

Edgeplane 
Pyrolytic Graphite 
(EPG) Electrode 

Hb/konjak glucomannan/EPGE 
 

[20] 

 
 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 34-41 

 36 

Table 2. Summary of Current Studies about Detecting Hydrogen Peroxide by Electrochemistry. 
 

Material Detection Coupling (Enzyme) Linear Range Detection Limit 

Platinum 
Electrode 

Copper oxide nanoparticles/nafion/PtE 0.15 µM - 9.00 mM 6 × 10-8 M [21] 

 Clay/Hb  [22] 

Gold Electrode 
Hb/Chitosan-Fe3O4 nano-
composite/GoldE 

2.3 µM - 9.6 mM 1.1 µM [23] 

 
Fe-III-DETPA/polyallylamine-
MWCNTs/Au substrate electrode 

10-8 M - 4.75 mM 6.3 x 10-9 M [24] 

 
Horseradish peroxidase/nafion/tt-
MgO/GoldE 

1.0 µM - 450 µM 0.3 µM [25] 

 
Cytochrome c/NiO-NPs/carboxylated 
MWCNT/polyaniline/GoldE 

3 µM - 700 µM 0.2 µM [26] 

 Hb/MesoZrO(2)/GoldE 
1.75 × 10-7 M - 4.9 × 10-3 

M 
1.0 × 10-7 M [27] 

 Hb/AuNPs/HDT/GoldE 
5.0 × 10-8 M - 1.0 × 10-6 

M 
1.0 × 10-8 M [28] 

Glassy Carbon 
Electrode 

RuO2/AuNPs/nafion/GCE 0.1 nM - 30 mM 0.1 × 10-9 M [29] 

 HRP/AgNPs/cysteamine/p-ABSA/GCE 1.2 µM - 9.8 mM 1.1 × 10-8 M [30] 

 
Hb/multiwall carbon nanotube-
CdS/chitosan/GCE 

0.125 µM - 1.20 mM [6] 

 Hb/MWCNT/ZnO/GCE  0.02 µM [31] 

 Hb/CS-SDS-CNT/GCE  4.2 µM [32] 

 Cytochrome c/ZrO2NPs/GCE 40 µM - 270 µM [33] 

 Cytochrome c/graphene/PEDOT/GCE 0.5 µM - 0.4 mM 2.49 × 10-7 M [34] 

 Hb/Au-F127/GCE 0.3 µM - 0.57 mM 4.0 × 10-8 M [35] 

 HRP/GNPs-thionine/chitosan/GCE 0.1 µM - 0.1 mM 5.0 × 10-8 M [36] 

 
Hb/carbon 
nanospheres/AgNPs/dopamine/GCE 

1.0 µM - 147.0 µM 0.3 µM [37] 

 
Hb/chitosan/Au colloid/3-aminopropyl 
triethylene silane/Prussian blue/GCE 

2 µM - 480 µM 0.1 µM [38] 

 Hb/GCE  0.61 µM [9] 

 Hb/nafion/carbon nanochips/GCE 0.5 µM - 30 µM 0.05 µM [10] 

 Hb/CNPs/polyvinyl alcohol/GCE 1.96 µM - 112 µM [12] 

 
Catalase enzyme/nickel oxide nano-
scale islands/GCE 

1 µM - 1 mM [18] 

 Hb/gelatine/GCE  [17] 

 Catalase/MWCNTs/GCE 1 µM - 6 µM 0.15 µM [39] 

 
Hb/hexagonal mesoporous 
silica(HMS)/GCE 

0.4 µM - 6.0 µM 1.86 × 10-9 M [15] 

 
 
2.2. Methods 
 

The preparation of electrodes were the same as 
previously reported [2-3, 40], except that the 
biocomposite layers were either comprised of the 
anti-HIgG/BSA or Hb only. For the electrodes that 
were coated with anti-HIgG, an extra coating of BSA 
was added on the outmost surface for performance 

enhancement [41]. A successful coating of the 
biocomposite of the sensor electrode would have the 
spectra as shown in Fig. 1. 

Detection of the oxidative species was conducted 
with a Gamry 600 potentiostat. The method of 
detection of the characteristic peaks of nitrite and 
peroxide by means of the enzymatic coupling were 
described in previous studies [1-3]. 
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3. Results and Discussions 
 
3.1. Detection of Nitrite/Nitrate 
 

Fig. 2 shows a typical cyclic voltammogram of 
nitrite/nitrate by a Pt electrode. The characteristic 
peak for the measuring species chosen usually is the 
peak with the highest intensity (current), however, 
multiple peaks can be chosen if there are 
interferences. These peaks can be either oxidative or 
reductive, and direction of the redox coupling 
reaction is reversible depending on the concentration 
of the detecting species. This phenomenon will be 
discussed in later part of this section. 

 
 

 
 

Fig. 1. An UV-Vis spectra of the biocomposite coated  
on a transparent plastic surface, the spectra of layer-by-
layer coatings are the same as what were coated on the 

sensor electrode. 
 
 

 
 

Fig. 2. Pt electrode sensor with anti-HIgG/HIgG  
for NO2

- detection from 1×10-18 M to 0.0015 M. 
 
 
3.2. Performance Comparison of the Hb 

(Old) and Anti-HIgG (New) Sensor 
 
Fig. 3 is the performance comparison of the 

freshly prepared Au, Pt and GCE electrodes for the 
detection of nitrite. As shown in Fig. 3(a) and Fig. 
3(b), both the Hb and anti-HIgG sensor possess 
extraordinary linear relationship of current versus 
concentration, especially in the concentration range 
of 1×10-4 M to 1×10-3 M in this study. The sensitivity 
(current in µA) of these sensors is excellent in this 
concentration range. 

By comparison, sensors prepared by anti-
HIgG/HIgG were slight better in all anchoring 
electrodes. Fig. 3 shows that these anti-HIgG/HIgG 
sensors were also very sensitive in extreme low 
concentrations below 1×10-15 M. 

 
 

 
 

Fig. 3 (a). Nitrite measurements with Hb sensors (old) 
prepared with Pt, GCE, and Au electrode. 

 

 
 

Fig. 3 (b).. Nitrite measurements with anti-HIgG/HIgG 
sensors prepared with Pt, GCE, and Au electrode. 

 
 

Fig. 4 is a semi-log representation of the 
performance of the Pt, GCE, and GE electrode with 
running concentrations from 1×10-18 M to 0.0015 M. 
As shown, all three sensors are capable of measuring 
nitrite at the concentration of 1×10-18 M to 0.0015 M; 
however, the sensors are more sensitive at extreme 
low (1×10-18 M) and high (0.0015M) region.  

The coupling reaction was reductive for all three 
electrodes at the low concentration region, with a 
transition to oxidation at concentration about  
1.0×10-9 M. The shifting from oxidative to reductive 
reaction or vise visa have been observed in many of 
our experiments, especially for experiments with a 
wide concentration range, and the rationale of such 
will not be further discussed in this report. Overall, 
the Pt electrode appears to be more superior 
compared to the other two electrodes as the 
anchoring material for the composite layer in the 
sensor preparation. 
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Fig. 4. Nitrite measurements with anti-HIgG/HIgG sensors 
freshly prepared with Pt, GCE, and Au electrode. 

 
 

3.3. Durability of the Anti-HIgG/HIgG 
Sensor 

 
Sensors prepared by anti-HIgG/HIgG were 

durable, as shown in Fig. 5, the sensors remained 
relatively sensitive after 3 weeks in buffer solution. 
Majority of the sensitivity loss was in the first week. 

 
 

 
 

Fig. 5. Anti-HIgG/HIgG sensors performance with nitrate 
measurements after storing 3 weeks  

in a pH 7 buffer solution. 
 
 
3.4. Peroxide Detection 
 

As shown in Fig. 6 (a), the anti-HIgG/HIgG 
sensor is also an excellent sensor for peroxide 
detection in concentrations above 1×10-4 M. Nearly 
perfect linearity was revealed in the testing 
concentrations of 1×10-4 M to 1.5×10-3 M.  

Fig. 6 (b) is a semi-log representation of the 
performance of the Pt, GCE, and GE electrode with 
running concentrations from 1×10-18 M to 0.0015 M. 
Similar to the measurements of nitrite/nitrate, the 
sensors are more sensitive at the extreme low  

(1×10-18 M) and high (0.0015 M) region. While the 
coupling reaction was oxidative through the whole 
concentration region for the Pt electrode, the GCE 
and GE electrode were having reductive reaction at 
the extreme low region but having an oxidative 
transition at about 1×10-5 M. Likewise, Pt electrode 
was more superior among the three electrodes in 
peroxide detection. 

 
 

 
 

Fig. 6 (a). Performance of the anti-HIgG/HIgG sensor  
with H2O2 at concentrations from 1×10-4 M to 1.5×10-5 M. 

 

 
 

Fig. 6 (b). Performance of the anti-HIgG/HIgG sensor 
with H2O2 at concentrations from 1×10-18 M to 1.5×10-3 M. 

 
 

3.5. Interferences and Selectivity of the Anti-
HIgG Sensor 

 
This high performance anti-HIgG biosensor is 

proven to be selective and relatively free of 
interferences. Fig. 7 (a) shows a typical measurement 
of the linear current increment with concentration of 
a GE electrode sensor. In general, the reproducibility 
of different sensors fabricated with the same 
materials would have a variation of less than ±15 %. 
General inorganic materials (e.g., Cl-, NO3

-, SO4
2-) 

would create nearly no interference at dilute solution 
(<1.0×10-3 M) (Fig. 7 (b)); however, some organic 
materials may exert interference which is also 
concentration dependent. As shown in Fig. 7(c), 
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herring DNA distorted the current linear relationship 
with concentration and the interference was 
concentration dependent. On the other hand, glucose 
does not create any interference with this sensor in 
peroxide measurement (data not shown). 

 
 

 
 
Fig. 7 (a). Measurement of current increment per dropwise 

addition of 1×10-4 M per minute of nitrite  
using a GE electrode at 0.8 V. 

 

 
 

Fig 7 (b). Measurement selectivity test of peroxide by 
adding 1×10-4 M of KCl solutions in the testing solution at 

the indicated concentrations (GE electrode). 
 

 
 

Fig. 7 (c). Measurement selectivity test of peroxide by 
adding various concentrations of DNA (herring) in the 

testing solution at the indicated concentrations  
(GE electrode). 

 
 

4. Conclusions 
 

Our newly developed anti-HIgG/HIgG sensor is 
proved to be very versatile and durable. Its 

performance is better than the Hb sensor previously 
developed for the same measurements of nitrite and 
peroxide [2]. Its high sensitivity at higher 
concentrations (>1×10-5 M) and extreme low 
concentrations (<1×10-15 M) (Fig. 4 and Fig. 6) 
would be very beneficial in detecting many redox 
reaction enzymes and chemicals (pollutants). The 
lowest detection limit of this sensor was  
at 10×10-18 M that is many orders of magnitude lower 
than any electrochemical systems that were reported 
in the public domain (Table 1 and Table 2). 
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Abstract: In this article, the design, production method, integration and characterization of textile sensors for 
the continuous monitoring of cardiac and respiration vital signals are presented. Textile electrodes, capacitive 
and piezoresistive sensors and respective interconnect plate were developed and integrated in elastic and 
adjustable chest bands, using a 6-needle digital embroidery machine and electrically conductive commercial 
threads. The signal´s waveforms were recorded via PC with a data acquisition module and a LabView program. 
The signal to noise ratio of textile electrodes, having distinctive surface morphologies, that were either textured 
or smooth accordingly with the embroidery pattern used, were analyzed with Matlab. The quantitative method 
indicated differences between the two types of textile electrodes but performances comparable to standard 
Ag/AgCl gel electrodes. The sensors and interconnect plate were fully realized with the embroidery stitching 
method with textile fabrics and threads, and have a compact design, are lightweight and washable. The method 
offers great versatility for custom demand, in terms of sensor design and materials. Copyright © 2014 IFSA 
Publishing, S. L. 
 
Keywords: Textile electrodes, Embroidery technique, Vital signals, Piezoresistive sensors, Capacitive sensors, 
Integration, Wearable electronics, Telemedicine. 
 
 
 

1. Introduction 
 

Wearable electronics combining low-power 
circuits, wireless transmission and advanced 
packaging have allowed important breakthroughs in 
medical applications [1] and smart clothing [2-3] 
with functionalities to monitor and record vital 
signals in ubiquitous and non-invasive ways. These 
were considered strategic to lower morbidity and 
health care costs associated to diseases of the 
circulatory system. Holter monitors (ambulatory 
electrocardiography devices) are currently used to 
capture a patient electrocardiogram (EKG) for one to 
three days, using standard gel electrodes taped to 

patients’ skin. The EKG data is analyzed afterwards 
by doctors to evaluate the patient´s cardiovascular 
condition. Although Holter systems are portable, the 
patients feel the cables connecting the electrodes to 
the electronic unit as intrusive and uncomfortable. 
Wearable technologies to monitor vital signals had a 
strong impulse around 2000 with public and private 
funded projects that produced important outcomes, 
such as the French VTAMN [4], the EU Wealthy [5] 
and MyHeart [6] and the American LifeShirt [7]. The 
Wealthy system consists of elastic garments made by 
seamless knitting technology, integrating knitted 
electrodes and piezoresistive sensors to capture EKG 
and pulmonary ventilation signals, respectively [8]. 

http://www.sensorsportal.com/HTML/DIGEST/P_2540.htm
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The electrodes and interconnects were knitted with 
electrically conductive yarns, consisting of stainless 
steel surrounded by twisted cables of viscose. 
Hydrogel membranes placed between the knitted 
electrodes and the skin were necessary to improve 
signal to noise ratio (SNR) and minimize skin 
irritation [9]. The piezoresistive sensors were 
realized with fabrics of lycra coated with carbon-
loaded rubber and a commercial electroconductive 
yarn. A handheld electronic unit was used for signal 
conditioning, processing, storage and wireless GPRS 
cellular communication. The LifeShirt used gel 
electrodes and embedded textile sensors for 
plethysmographic respiration monitoring and a small 
personal controller held in a pocket to capture signals 
and transmit data via Bluetooth [10]. The VTAM 
system also consisted of a T-shirt integrating smooth, 
dry ECG electrodes, with leads and treatment 
modules incorporated into textile woven fabrics. It 
used a motherboard, transmission module and power 
supply mounted on a belt that was connected to the 
VTAM T-shirt through a microconnector [11]. 
Screen printed silver paste has also been proposed to 
produce planar fashionable circuit board electrodes 
and to perform wire bonding of electronic chips on 
fabric [12]. A flipChip on flex intermediate 
connection layer, having higher density than textiles 
can provide, was proposed to interconnect high 
density silicon chips to textile fabric [13]. More 
recently, an active belt integrating washable textile 
electrodes from TITV Greiz, and two cell-phone 
plugs (1.6 cm × 2 cm) for signal processing was 
proposed [14]. Nowadays Holter systems have very 
small dimensions, but connecting to Ag/AgCl gel 
electrodes through long cables hanging on the chest 
of the user, and efforts continue to improve the 
performance of textile sensors and interconnects, and 
the electronic systems integration in clothing, 
involving the interface electronics – textiles. A 
question often put forward concerns the main 
challenges to manufacture smart textiles. Large and 
small companies debating these questions, point out 
the difficulty to combine Textile and Electronic 
Manufacture processes. Moreover, there is a dilemma 
concerning where to put the interface on the technical 
level in the supply chain between the electronic 
manufacturing service and the textile manufacturing 
service [15].  

Another challenge concerns availability of human 
resources with competences to deal with the interface 
textile / electronics manufacturing. 

The embroidery technique has been proposed as a 
technique with great potential and versatility for 
smart textiles [16].  

In this work we present an embroidery stitching 
method [17] that is suitable for large scale 
production, and that offers versatility in terms of 
product design and materials for custom demand. 
Textile electrodes, having distinctive surface textures 
and electrical characteristics provided by embroidery 
patterns and electrically conductive threads were 
produced and characterized in terms of SNR. Textile 

capacitive and piezoresistive sensors were also 
produced with the embroidery method and their 
response to normal, accelerated and deep breath 
conditions was measured. 

 
 

2. Design, Materials and Processes 
 
The EKG sensors were conceived to be 

replaceable but washable and long-lasting, 
comfortable to wear in contact to the skin and 
inexpensive. They consisted of two layers of fabrics 
having a circular shape with a diameter of 25 mm. 
One fabric layer had defined a circular embroidery 
pattern with a diameter of 16 mm, produced with 
electrically conductive threads; the other fabric layer, 
corresponding to the back side of the sensor, 
integrated a snap fastener applied by pressure with a 
Universal press. Two types of embroidery patterns 
were produced, to provide the electrodes with two 
distinctive surfaces morphologies, one smooth the 
other textured and address their influence in the 
electrical contact electrode – skin by measurements 
of SNR. The sensors integrated snap fasteners for 
attachment to an interconnect plate in an 
interchangeable manner, and to obtain a direct 
comparison of SNR performance between textile and 
gel electrodes.  

An interconnect plate was produced by layering 
either a semi rigid foam or rubber plate between two 
fabrics, one of the fabrics having defined 
interconnect lines terminating at one end in female 
snap fasteners for the attachment of the EKG sensors, 
and terminating at the other end, in snap fasteners for 
connecting the sensors to an electronic data 
acquisition module. The interconnect lines were 
produced with a stitching pattern using conductive 
threads and were protected and electrically insulated 
with embroidery patterns using threads of polyester.  

A piezoresistive sensor and two capacitive 
sensors were realized for the continuous monitoring 
of pulmonary ventilation (PV). The piezoresistive 
sensor consisted of two superimposed sinusoid-like 
embroidery patterns realized with an electrically 
conductive elastic thread. An insulator sheet of 
cotton fabric prevents short circuits between the two 
patterns, having a length each of about 20 cm and a 
total resistance of 30 Ohms.  

The capacitive textile sensors consisted of a 
conductive fabric of bamboo with 30 % silver from 
Less EMF Inc. (USA), having a sheet resistivity of 
less than 1 Ohm and a rectangular shape with lateral 
dimensions of 4.5 cm × 5.0 cm.  

The textile electrodes and interconnects used 
electrically conductive threads Silverpam  
250 from the French manufacturer Tibetech and 
silver plated Nylon from Less EMF Inc., USA, 
having an electrical resistance of 200 Ohm ⋅ m-1 and 
40 000 Ohm ⋅ m-1, respectively. 

The piezoresistive sensor was made with a 
piezoresistive elastic thread, Elitex HE, from the 
German manufacturer Imbut GmbH. 
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The standard gel electrodes that were used for 
comparison consisted of Ag/AgCl Cleartrace  
RTL – 1700C from ConMed, USA.  

The EKG and PV sensors and interconnect plate 
were integrated in elastic and adjustable chest bands 
made of neoprene and fabrics of elastane – 
polyimide. Velcro stripes allowed the adjustment of 
the chest bands to the body of the wearer. In Fig. 1 
are shown photos with views of a chest band 
integrating an interconnect plate with connections for 
three EKG sensors and one neutral electrode. Photos 
of EKG textile and standard electrodes are also 
shown in the figure. 

 
 

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 1. a) Photo of chest band with interconnect plate 
having defined interconnections for three EKG sensors and 

one neutral electrode; b) photo of standard Ag/AgCl 
electrode and textile electrodes. 

 
 
In Fig. 2 is shown a view of a chest band 

integrating thee electrodes and two capacitive sensors 
for the continuous monitoring of the EKG and PV 
signals, respectively.  

 
 

 

 
 

Fig. 2. Photo of chest band with interconnection baseplate 
of neoprene integrating three textile electrodes and two 
capacitive sensors for the monitoring of EKG and PV 

signals, respectively. 

The embroidery method used to produce the 
textile sensors is versatile in terms of design and 
materials. Furthermore, it allows to fully produce the 
wearable systems with no intermediate steps in a 
clothing´s manufacture workshop.  

A snapshot view of the production process of the 
EKG and piezoresistive sensors with a SWF digital 
embroidery tool is shown in Fig. 3. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. Photo with views of production process  
with 6-needle digital embroidery stitching tool:  

(a) of textile electrodes; (b) piezoresistive sensor  
on neoprene. 

 
 

3. Experimental 
 

An elastic and adjustable chest band made of 
neoprene and integrating the interconnect baseplate 
and the piezoresistive sensor was used with a male 
volunteer, seat motionless in a relaxed position. The 
interconnect baseplate was positioned on the left side 
of the thorax, in the region of the fifth intercostal 
spaces, with the two EKG sensors spaced apart 4 cm 
from center to center.  

Each pair of terminals from the EKG and PV 
sensors were connected each to the analog inputs of a 
programmable data acquisition unit, NI-DAQ 6212 
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with a PC/USB interface, in differential mode. A 
LabView program, using a band-stop and a band – 
pass Bessel filters of order 6, of 50 Hz and  
0.05 – 100 Hz, respectively, were used. The program 
graphically display and record in a PC the 
waveforms.  

The piezoresistive sensor had a static resistance 
of 30 Ohms and was connected to a voltage divider 
circuit supplied with a 9 V battery. The electrical 
circuit with the piezoresistive sensor is represented  
in Fig. 4. 

 
 

 

 
 

Fig. 4. Electrical circuit with piezoresistive sensor  
and differential connection to data acquisition module. 

 
 

The SNR amplitude of the textile and standard 
Ag/AgCl gel electrodes were obtained with a Matlab 
program. The program extracted from each 
experimental data file, 50 waveforms and applied a 
smooth function, with a span = 150, to remove any 
baseline distortion or shift and the P and T segments. 
From the raw and correspondent smooth data 
matrixes, the program calculated for each k 
experiment of a specific type of electrode, the mean 
values of signal amplitude, Vs, k of the QRS 
complex, and of noise amplitude, Vn, k, based on  
100 points of a segment away from the QRS 
complex, described by the following expressions: 
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The SNR is given by the ratio of the mean values 
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For each type of textile electrodes, 20 sequential 

experiments were performed. Every three 
experiments each pair of electrodes was replaced 
with a similar pair, every type of electrode 
represented by six nominally identical electrodes.  

Test structures consisting of stripes having lateral 
dimensions length x width = 50 mm × 5 mm and 
120 mm × 6 mm were made using embroidery 
patterns identical to those constituting the smooth 
and textured electrodes. The stripes were terminated 
in circular pads for electrical contact to two probes to 
measure electrical resistance. The shorter stripes 
were used in the washing resistance tests, the longer 
stripes in the abrasion tests, described next. 

Washing resistance tests were performed with a 
Linitest machine following the guidelines of the  
ISO 105 of 1978. The tests consisted of machine 
washing cycles with a detergent solution, at 40 °C 
and duration of 45 minutes followed by a rinsing 
step. The samples were dried with an air dryer. 
Detergent solutions of 600 ml were prepared with DI 
water and a concentration of 1 g/l of a mild soap. 
Test structures consisting of stripes had the electrical 
resistance measured prior to laundering. Textile 
electrodes and test structures were submitted to 
laundering cycles and had the SNR amplitude and 
resistance measured, respectively.  

Abrasion resistance tests of the textile electrodes 
were performed with a Mark II tester from Shirley 
Developments Ltd and the tests structures previously 
described. An adaptation of the Martindale method 
was used. In this adaptation, the places of the sample 
and abrasive fabric were interchanged, in order to 
accommodate the long test structures, more suitable 
to measure the changes of the electrical 
characteristics of the embroidery patterns as a 
function of the number of abrasion cycles, N = 5000, 
10 000 and 30 000. 

 
 

4. Results and Discussion 
 
In Fig. 5 is shown the mean SNR and standard 

deviation (error bars) for the two types of textile 
EKG sensors, smooth and textured electrodes, and 
the gel electrodes.  
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Fig. 5. SNR ratio amplitude of textile and gel electrodes. 
 
 

The textured electrodes exhibited a SNR 
performance very similar to that obtained with the 
gel electrodes, followed closely, 2 Dd below, by the 
smooth electrodes. The results suggest that the 
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textured surface provide better electrical contact 
between the electrodes and the skin. The SNR results 
presented in here are considerably better than those 
reported by other authors, for both types of textile 
electrodes. The SNR amplitude obtained with gel 
electrodes, of 31.5 dB, is similar to those reported by 
other researchers [12]. The textured electrodes, with 
a SNR ≅ 30 ± 0.5 dB, present a performance 
considerably better than those presented in the 
literature [12], [18]. Furthermore, no significant 
difference of performance was obtained in either 
conditions of long acquisition time or under either 
sweat or moisture of the electrodes. The fact that our 
textile electrodes show good SNR with no need of 
moisture is considerably different to the results 
extensively reported in the literature [18-20]. 

EKG waveforms of textile and Ag/AgCl gel 
electrodes and the response of the textile 
piezoresistive and capacitive sensors to various 
modes of respiration are shown in Fig. 6.  

In agreement with the SNR results, the cardiac 
signals obtained with the textile electrodes show 
higher noise than the obtained with standard 
Ag/AgCl gel electrodes. The EKG waveforms 
exhibit identical features, the QRS complex and 
T wave well defined.  

The response of the PV sensors exhibit good 
signal amplitude in the following three modes of 
breath; normal, rapid and deep. The capacitive 
sensors may be advantageous in relation to the 
piezoresistive sensors because they do not require a 
voltage divider circuit with a battery to supply 
current and exhibit a signal output about ten times 
higher than the piezoresistive sensor. 

The two types of textile electrodes and the textile 
piezoresistive and capacitive sensors appear adequate 
to the continuous monitoring of the cardiac and 
respiration rhythms.  

The textile electrodes and rectangular test 
structures having defined on fabric identical 
embroidery patterns to those used in the textile 
electrodes were submitted to 30 washing cycles. The 
electrical resistance of the test structures was 
monitored between washing cycles and no significant 
variation was obtained as shown in Table 1. 

In Table 1, R0 and Rf relate to the electrical 
resistance of the test structures before washing and 
after 30 washing cycles, respectively; SNR0  
and SNRf relate to the signal to noise ratios of textile 
electrodes before washing and after 30 washing 
cycles, respectively. 

The textile electrodes that were submitted  
to 30 washing cycles do not show a measurable 
difference in the SNR amplitude in relation to  
the un-washed electrodes.  

Abrasion tests realized with an adaption of the 
Martindale method and using up to 20 000 abrasion 
cycles show no changes in the electrical resistance of 
the test structures.  

The experimental results obtained with washing 
resistance and abrasion tests indicate that the sensors 
have very good resistance to wear, provided by the 

high compactness of the embroidery patterns used, as 
the electrically conductive threads are relatively 
fragile. The sensors can be washed and re-used 
several times until their performance starts  
to degrade.  
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Fig. 6. a) EKG waveforms obtained with gel and textiles 
sensors, where (a) gel electrodes, (b) textured electrodes, 
(c) smooth electrodes; b) piezoresistive sensor response  

to normal, deep and rapid breath rates; (c) capacitive 
sensors response. 
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Table 1. R and SNR variation with 30 washing cycles. 
 

Type R0 (Ohm) Rf (Ohm) SNR0 (dB) SNRf (dB)
Textured 0.74 0.93 30.1 ± 0.4 29.4 ± 0.1 
Smooth 1.14 1.43 27.8 ± 0.5 NA 

 
 

5. Conclusions 
 

The embroidery method presented shows great 
degree of versatility to produce textile sensors and 
interconnects and for their integration in clothing 
systems. Moreover, the method is suitable for large 
scale production and custom demand because is 
based on a digital system.  

The SNR amplitude obtained with textile 
electrodes having distinctive surface morphologies 
confirm that the electrode's performance is 
dominated by the skin-electrode electrical contact 
and the surface of the electrode is an important 
aspect of the sensor design. The embroidery method 
is suitable to tail the electrical and surface 
characteristics of textile electrodes with adequate 
choice of conductive threads and  
embroidery patterns.  

The method is also suitable to produce and 
integrate into clothing other types of textile sensors 
and electronic components, such as light emission 
diodes (LEDs), antennas, batteries, etc. 
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Abstract: This paper discusses the calibration and digital linearization method of ultrasonic transducer 
responses. The system consists of a power supply circuit, a pair of series HC-SR04 ultrasonic transducers 
(transmitter and receiver), a digital signal conditioning circuit using ATmega16 microcontroller and output 
monitor using a 16×2 LCD screen. The calibration is done by measuring the water level, and the nonlinearity of 
ultrasonic transducer responses has been obtained during calibration steps. For linearizing the response, we have 
performed the segment linearization method and finally we have obtained the fixed nonlinearity equation of 
transducer responses for all range measurements. The equation of nonlinearity responses is then stored in the 
microcontroller as a base to respond to the physics input that means the water level. Each physics input that is 
read by the ultrasonic transducer is further processed digitally by a microcontroller and the results are displayed 
on the LCD screen. The water level displayed on the LCD screen shows a linear response and is in conformity 
with the actual value of water level and the theoretical calculation. The average error of calibration and digital 
linearization compared with the theoretical calculation is 0.299 %. With the system, we can then use directly the 
transducer to measure and control the water level system. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Linearization methods, Ultrasonic transducer, Microcontroller. 
 
 
 
1. Introduction 

 

Sensor or transducer linearization response is very 
important performance in application, so it will 
provide convenience to process subsequent 
information. Sensor response linearization method 
has a variety of ways, and it all depends on the type 
of sensor or transducer used. The step of response 
linearization can be done at the analog and also at the 
digital step of signal conditioning circuits. Before 
performing calibration and linearization phase, 
sensors and transducers are based on a change of 
resistance responses, we need firstly convert the 

resistance change into a change of voltage or current. 
The various methods for the conversion as well as in 
the first step of analog linearization have been 
discussed previously. A simple and universal 
resistive-bridge sensors interface that is cost effective 
three-point measuring technique and also does not 
require any additional active components has been 
fully discussed [1]. 

Linearization of nonlinear nature capacitive 
sensors has been studied by using the polynomial 
linearization scheme and the improvement in 
accuracy is obtained by the direct linearization 
scheme which scales the sensor output by the 

http://www.sensorsportal.com/HTML/DIGEST/P_2541.htm
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nonlinear denominator [2]. Sometimes the digital 
linearization methods are employed in embedded 
system applications by using the comparison criteria 
of power dissipation, area, throughput, design time 
and rate of cost [3]. 

Linearization of radio-frequency sensors output 
has been studied by numerical method and he shows 
that the nonlinearity factor can be regulated by 
varying the capacitance of a correcting capacitor [4]. 
Using microcontroller as the principal linearization 
and calibration instrument has been shown and given 
the simple method in digital linearization. The 
equation of non linearity of sensors response can be 
directly stored in the microcontroller memory in 
order to process the nonlinearity response of sensor 
[5]. 

The lockup table of digital linearization has been 
minimized in order to obtain the optimal design and 
to reduce the memory footprint and intermediate 
table values are estimated by linear interpolation [6]. 
The dynamic measurement and correction of laser 
interferometer periodic nonlinearity down to the 
pedometer level has also been shown. They have 
used a capacitive sensor to be an external reference 
for measuring and calculating the periodic 
interferometer nonlinearity correction function [7]. 

The method of linearization of such non-linear 
sensors characteristics using analog electronics has 
been described and the theoretical explanation of the 

methods and its verification by experiment has also 
been stated [8]. Digital linearization method called 
‘probability density function’ of the measured data to 
reduce the number of calibration points, as well as 
the associated calibration time, for a required level of 
accuracy has been shown [9]. Lastly, the analog and 
digital methods of linearization have been shown and 
the method choice depends fully on sensor type and 
the designer [10-12], and the 2D digital calibration of 
transducer response has been also studied [13].  

We have also recently shown a different type of 
sensor linearization methods, and we conclude that 
the digital type of linearization method is more 
efficiency, small size and low cost [14–16]. 

In this paper, we study the calibration and digital 
linearization for ultrasonic transducer response and 
characterize the system to find the simplest digital 
method possible.  
 
 

2. Methods 
 
This section will explain the design of signal 

conditioning circuit of the system was made. The 
circuit is very simple because it uses a digital signal 
conditioner, as has been reviewed previously  
[5, 9-10, 13-15]. The complete circuit for 
linearization response of ultrasonic transducer is 
shown in Fig. 1.  

 
 

 
 

Fig. 1. The complete circuit for linearizing of ultrasonic transducer response. 
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The circuit consists of a DC power supply (1), a 
pair of series HC-SR04 ultrasonic transducers 
(transmitter and receiver) (2), digital signal 
conditioner using Atmega16 microcontroller (3), 
output signal will be on 16×2 LCD screen (4), and 
buzzer indicator (5).  

The power supply of an ultrasonic transducer uses 
a DC voltage which is converted into a digital signal 
whose frequency (40 kHz) is controlled by a 
microcontroller through the PB0 port. The ultrasonic 
waves emitted by the transducer is then received by 
the receiving transducer and forwarded to the 
microcontroller through the PB1 port. The 
ATmega16 microcontroller has an internal ADC, so 
the analog input can directly be received, it’s 
different with the AT89C51 microcontroller that we 
used previously [15]. The signal is then processed by 
a microcontroller and forwarded to the LCD screen 
through the PC2.7. 

As we use actually this circuit to control water 
level of a river, we use actually the other response 
that means a buzzer circuit (5) which we connect it to 
the PA2 microcontroller port. 
 
 
3. Results and Discussion 
 
3.1. Hardware Characterization 

 
The discussions related to electronic circuits, 

nothing much can be explained due to the signal 
conditioner used is a digital signal conditioner, the 
circuit is very simple. It means the linearization 
calibration steps are done digitally. The complete 
electronic circuit shown in Fig. 1, which an important 
remark of electronic circuit is the stability of signal 
response. This response stability can be achieved by 
verifying the grounding system and the level of 
electrical current from each critical point in  
the circuit.  

As described previously, the principal of the 
electronic circuit for digital linearization method is 
microcontroller. The microcontroller controls the 
pulse frequency of the ultrasonic wave transmitted by 
ultrasonic transducer, the processing of acquisition 
data from the ultrasonic receiver transducer, and then 
finally process them into information that shown in 
the LCD screen. 

 
 

3.2. Calibration and Digital Linearization  
 
The simulation of data acquisition is water level 

in the PVC tube with a diameter of 4 inches and a 
length of 200 cm. The real obtained data will be 
compared to the measurement results (the data that 
appears on the LCD screen), before manipulated to 
be obtained the best calibration equation. Results of 
this first acquisition and the theoretical calculation 
are shown in Fig. 2.  

 
 

Fig. 2. ADC response for the first data acquisition  
and the theoretical calculation. 

 
 

The original data before the data acquisition 
simulation are shown in red line on the graph in 
Fig. 2, it appears that there is a slope away from the 
theoretical value. The equation of the line is  
as follows:  

 
425,11884,0 += xy , (1) 

 
with a correlation coefficient R2=0,999, where y is 
the ADC value (0 – 255) and x is the water  
level (cm). 

The measurement data from the first acquisition 
is certainly very difficult to be adapted to the actual 
value and theoretical calculation when using an 
analog system, and would require complex analog 
circuits. Although in fact, we can directly use the 
obtained equation but the problem of the error 
gradient must be before resolved to obtain the  
correct equation.  

Theoretically, the data output of the ADC is 
actually in numeric value obtained from the water 
level, it can be given by the following equation:  

 

2nin
ADC

ref

V
N

V
= × , (2) 

 
where 

ADCN  is the numerical value of the ADC,  

inV  is the DC input voltage (0 – 5 V), refV  is the 

ADC reference voltage (5 V) and n is the bit level of 
the ADC (8 bits).  

While the input signal from the ultrasonic 
transducer to the microcontroller ADC port (PB0) is 
a DC analog voltage ranged from 0 to 5 V, so this 
analog voltage will be converted into a numerical 
value on the ADC using a DC reference voltage of 
5 V. The input analog voltage 

inV  on the ADC is 

actually an analog voltage derived from the 
ultrasonic transducer output with the equation  
as follows:  

 

1
51outV h= × , (3) 
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where h is the actual water level and 51
1

 is the 
gradient with units of V/cm. The output voltage 

outV  

in Equation (3) is actually the input voltage 
inV  in 

Equation (2). 
Now let us see how we can calibrate and create a 

linear response in order to approach the theoretical 
calculation. As shown in Fig. 2, we give an 
indication of the cut line graphs into 5 parts. Then we 
make response equations for each section with only 
by correcting the offset control value. The offset 
value is the average of the different value in the 
entire range of the selected section. If we divide more 
section of the entire range of the response into 
several sections, the results of the calibration and 
linearization will be smooth and better. This step has 
the disadvantage that the program will be longer so it 
will need much memory of the microcontroller, and 
also the process of data conversion into information 
will be longer. The part of the main program that we 
have stored in the microcontroller is as follows:  
 

h = 100 – ADC_value 
h = h 
‘calibration step1 
If h <= 100 And h > 80 Then 
X = h - 1 
X1 = X + 500 
X1 = X1 
End If 
‘calibration step2 
If h <= 80 And h > 62 Then 
X = h - 3 
X1 = X + 500 
X1 = X1 
End If 
‘calibration step3 
If h <= 62 And h > 42 Then 
X = h - 5 
X1 = X + 500 
X1 = X1 
End If 

 
The program has been stored in the 

microcontroller memory, so that any numerical value 
that comes out from the internal ADC will be 
processed by the equations in the program. The 
report of the process will be directly displayed on the 
LCD screen. The results of calibration and 
linearization correction are shown in Fig. 3.  

Fig. 3 shows the final results of the calibration 
and linearization of ultrasonic transducer response. 
We see that the error gradient on the results of the 
first acquisition (Fig. 2), now it is not present in the 
calibration graph in Fig. 3. The results of calibration 
and linearization have shown by the brown graph in 
Fig. 3, where the graph has the following equation: 

 
497,0006,1 −= xy , (4) 

 

with a correlation coefficient R2=0,999. 

 
 

Fig. 3. The calibration and digital linearization results  
and the theoretical calculation. 

 
 
Now, we know that the result of the manipulation 

of the first acquisition data (brown graph in Fig. 3) is 
very close to the theoretical calculation (blue graph 
in Fig. 3), so the graph of theoretical result is covered 
by the calibration graph. In theory, we have a 
calibration equation which is a combination of 
Equations (2) and (3), as follows: 
 

8
1 *51 2

5ADC

h
N = × , (5) 

 
1,003ADCN h= ×  (6) 

 
The Equation (6) is the equation of the theoretical 

linear response between the water level (h) and the 
output value of the ADC (

ADCN ). The results of the 

calibration and digital linearization that we get are 
shown in Equation (4) with the offset value  
of -0.497. In Fig. 3, it still seems there is small 
difference between the results of the calibration and 
digital linearization to the theoretical calculation, as 
indicated by the arrow. The error in the range 
indicated by arrow is about 9.091 % for water level 
range from 32–35 cm. In this section, we can actually 
add an equation for this range measurements 
according particularly to the arrow in order to obtain 
really the same value with the theory. However, this 
has not been done and we think not so necessary at 
this time because at our application, the water levels 
we measured are in the range of 40-90 cm. 

The average error for all measurements range of 
calibration and digital linearization compared with 
the theoretical calculation is 0.299 %. This error 
value is also then reduced by offset value. We can 
see that the system we have developed has a perfect 
linear response. This perfect linear response means 
that any physical quantity coming into our system, its 
output response shown on the LCD screen has 
exactly the same value with the input (shown  
in Fig. 3). 

Finally, we can easily give the units of the 
numbers on the LCD screen with the water level 
units, which is in cm. The calibration and 
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linearization process give us the main conclusion that 
the method of digital calibration and linearization has 
the most convenient, high precision, simple, the 
process is fast, easy to be corrected again, and of 
course the dimensions of the circuit will be small, as 
noted previously [5, 13-16]. 
 
 
4. Conclusions 

 
We have shown the method of calibration and 

digital linearization of the ultrasonic transducer 
response to be precise to the actual value and also the 
theoretical calculation. The method what we have 
used is in digital level, it means in stored software 
section and no hardware modifications to the circuit. 
This is what strengthens of our conclusion that the 
method of sensor or transducer calibration and 
linearization would be easier if it is done digitally. 
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Abstract: Float is a very simple sensing element for measurement of liquid level in a storage tank. The float 
movement is converted into electrical or mechanical signal for indication and transmission of liquid level. The 
conversional mechanical or electro mechanical technique used for this conversion may suffer form error due to 
loss of movement in the mechanical linkages. In the present paper a simple non-contact technique has been 
developed by using infrared light reflected from the defusing surface of a float. The intensity of this reflected 
light changes with change of level. This principle has been utilized to design a level sensor. The theoretical 
equations that govern the sensor operation have been derived and have been experimentally verified. The 
experimental results are reported in the paper. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Liquid level measurement, Diffused reflection of infrared light, Inverse square law, Non contact 
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1. Introduction 
 

Measurement of Liquid level in a storage tank is 
very much important in any process industry. The 
measurement technique may be broadly classified as 
contact type and non-contact type. In contact type 
techniques, liquid properties like buoyancy, pressure 
at a depth, a dielectric constant of a liquid, electrical 
conductivity, thermal conductivity etc. are utilized to 
develop liquid level sensor and transducer. Hence 
there exist a large variety of industrially accepted 
contact type liquid level sensors such as float type, 
displacer type, pressure sensing type, differential 
pressure sensing type, capacitance probe type, 
partially immersed resistance wire probe type etc. 
They have the disadvantages that their Characteristic 
properties with respect to liquid level may change 

due to the physical or chemical reaction between the 
liquid and the sensor material. Hence their 
maintenance cost increases along with limitation of 
life period. This difficulties are not observed in non-
contact type level sensors like ultrasonic type, 
absorption type, non-contact capacitance type etc. but 
they are comparatively costly and require various 
environmental and experimental precautions during 
the measurement. In ultrasonic level measurement 
technique, the time interval between instant of 
transmission of wave from the transmitter and the 
instant of receiving the reflected wave from the 
liquid surface is measured. But this measurement 
technique involves complicated circuit and is 
generally very costly compared to the other level 
sensors. X-ray absorption type non-contact technique 
of level measurement suffers form radiation hazards. 

http://www.sensorsportal.com/HTML/DIGEST/P_2542.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 53-59 

 54 

Capacitances type level sensor may be of both 
contact and non contact types [1-4]. The 
conventional non contact capacitance type transducer 
measures the capacitance between liquid surface and 
a fixed metallic plate above the liquid surface using 
air as a dielectric medium. An improved form of this 
transducer for a conductive liquid has been 
developed by S. C. Bera, et al. [13]. A characteristic 
of a contact type capacitive transducer have been 
studied by R. Ferran, et al. [14]. In recent times some 
works on infrared [5] related techniques on 
measurement of distance, and other parameters are 
being reported by different groups of workers.  
S. Yingfeng, et al. [6] have developed a low cost IR 
reflective sensor for position measurement. An IR 
range finder system has been developed by  
A. Rakshit, et al. [7] by sensing reflected IR energy 
from an object. P. Zappi, et al. [8] have utilized IR 
sensor in Motion detection and distance technique by 
using reflected energy from teargases. A. Tar, et al. 
[9] have developed a low cost distances proximity 
measurement technique by using an array of LED 
photo diode payer for detection of object outline and 
surface trace. J. W. Youg, et al. [10] have utilized 
low cost infrared transmitter and receiver pair to 
detect the direction, distance or other parameter of a 
target. The infrared guidance technique has been 
utilized by X. Jian-Zhong, et al. [11] to estimate a 
large distance of a target. V. M. Srivastava, et al. 
[12] have studied the data transmission technique by 
using variation in intensity of light emitted by IR led 
at deferent logic level. P. M. Novotny, et al. [15] 
have studded the application of infrared sensor in 
accurate measurement of distance.   

The float is a very simple liquid level sensor 
widely used in industry. The float movement is 
generally measured by mechanical linkage 
arrangement where measurement error may be 
produced due friction by wear and tear effect as well 
as dust particle deposition effect of the mechanical 
linkage. Hence design of float type level sensor 
without any mechanical linkage becomes very much 
advantageous in level measurement if we use 
infrared light reflected from float surface. The 
reflected infrared light signal from a defusing surface 
is a advantageous over that reflected from a plain 
surface due to the fact that IR transmitter’s virtual 
image point and the IR receiver need not to be placed 
face to face during defuse reflection and almost 
normal reflection from the defusing surface can be 
captured by the receiver. 

In the present paper a defusing surface has been 
developed from a corrugate tin plate coated with 
silver. This defusing plate is fixed on a float placed 
inside a level sensing tube with infrared transmitter 
and receiver fixed on the top of the tube. The tube is 
connected with a storage tank. The dimension of the 
tube and float are so selected that the tube acts as a 
guide for the float. The infrared transmitting diode is 

supplied from an oscillator at 32 kHz and the 
reflected light from the defusing surface of the float 
is received by an infrared sensitive diode. The 
average output voltage of the receiver circuit has 
been found almost to follow the inverse square law 
of propagation of light from the defusing surface. 
Thus output is nonlinearly dependent on level. The 
level transducer designed in this way has been 
experimentally tested and the experimental results 
are presented in the paper. 

 
 

2. Method of Approach 
 
Let us consider a float inside a uniform 

cylindrical tube acting as level sensing tube. This 
tube is attached with a liquid storage tank as shown 
in Fig. 1. The float is in the form of a uniform hollow 
cylinder with its outside diameter slightly less then 
the internal diameter of the level sensing tube.  

 
 

 
 

Fig. 1. Proposed level sensing tube. 
 
 

The inside surface of the level sensing tube is 
polished and black. It acts as almost a frictionless 
guide tube for the upward and downward movement 
of the float with the change of level in the storage 
tank. The float is so designed that the major part of 
its height is immersed in the liquid. A corrugated tin 
plate coated with silver is fixed on the top surface of 
the float by means of araldite. The top cover plate of 
the level sensing tube consists on a pair of infrared 
transmitter and receiver diodes placed inside two 
central holes of the cover plate so that light emitted 
form the transmitter is incident on the defusing silver 
surface of the float and after reflection from the 
defusing surface it is received by the receiver 
infrared sensing diode. Since the silver surface is 
non-uniform so defused reflection of IR light occurs 
from the silver surface. This reflected light may be 
assumed to have almost uniform intensity in all 
directions. So when the reflected infrared beam 
reaches the receiver diode its intensity on the diode 
surface may be assumed to follow inverse square law 
of propagation of light.  
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Let the intensity of light emitted from the 
transmitter diode be Ir and its distance from the silver 
surface is ‘D’. Now the reflected light may be 
assumed to be transmitted from the virtual image of 
the transmitter diode having the same intensity Ir as 
the transmitter. Again the transmitter and receiver 
diodes are placed very much closed to each other so 
that the distance between the receiver diode and 
virtual image of the transmitter diode may be 
assumed to be 2D. Hence from the inverse square 
law, the intensity of light at the receiver diode will be 
given by, Irα1/(2D)2 or 

 
Ir=K1/D2, (1) 

 
where K1 is the constant of proportionality. 

Now let the height of the tube from datum level  
is H. Hence for level h, the distance between silver 
surface and the transmitter diode is given by, 

 
D=H – h – d,  (2) 

 
where d is the height of the float above the  
liquid surface.  

Thus, from (1) and (2) we have, 
 

1
2( )r

K
I

H h d
=

− −
 (3) 

 
Now to reduce the effect of noise in transmitter 

diode as well as to increase the sensitivity of receiver 
diode the chopper or flash type IR transmitter is used 
as shown in Fig. 2, where D2 represents the IR 
transmitter diode operated by IC-555 based  
oscillator circuit.  

 
 

 
 

Fig. 2. Proposed IR transmitter circuit. 
 
 

The light reflected form the defusing plate of the 
float is received by IR sensitive detector or receiver 
diode D3 as shown in Fig. 3. At the receiver diode, 
the chopping frequency is eliminated by using RC 
filter so that the output across the RC filter is directly 

proportional to the average value of the intensity of 
light (Ir) received by the receiver diode, which in 
term is nonlinearly related with the liquid level in 
storage tank. Thus transmitter and receiver IR diode 
circuit act as level transducer and the output (V0) of 
the transducer across RC filter may be given by, 
VoαI, or 

 
V0=K2Ir, (4) 

 
where K2 is the constant. 

 
 

 
 

Fig. 3. Proposed IR receiver circuit. 
 
 
From Equations (3) and (4) we have,  
 

( )
1 2

0 2

K К
V

H d h
=

− −
  

or 

( )0 2

K
V

H d h
=

− −
, 

(5) 

where 
K=K1K2,  

or 

0

1 H d h

V k

− −=  (6) 

 
Thus transducer output is nonlinearly related with 

level ‘h’ as shown in Equation (5) and inverse square 
root of transducer output is linearly related with 
liquid level ‘h’ as shown in Equation (6). This output 
signal of the transducer after amplification with a 
signal conditioner circuit can be linearized by using 
piece wise linearization technique with the help of a 
microprocessor or microcontroller based software 
program or by using signal processing technique in 
Lab View environment or by using a solid state 
linearization circuit.  
 
 

3. Design 
 

The proposed sensor consists of level sensing 
tube made of PVC materiel of internal diameter 
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slightly greater than the outside diameter of float. 
The float is in the form of a closed cylinder with a 
metallic plate inside it so that about 5/6 of its height 
may be immersed in the liquid inside the level 
sensing tube. The mass of this piece of metal inside 
the float is so selected that the total mass of the 
whole float may be equal to the mass of water (or 
any other liquid) of volume equal to 5/6th the whole 
volume of the float. A circular corrugated tin plate 
coated with silver of diameter equal to the diameter 
of the float is fixed with the top surface by using 
araldite. The corrugated plate acts as the defusing 
surface for infrared. The top surface of the level 
sensing tube is enclosed by a top cover plate 
consisting of infrared transmitter and receiver LED’s 
fixed in two holes near the central region with their 
surfaces pointing towards the float. The top cover 
plate of the level sensing tube also consists of PCB of 
IR transmitter and receiver circuits. The level sensing 
tube thus designed is connected with the main 
storage tank with a one inch connector tube made of 
stainless steel.  

The IR transmitter circuit shown in Fig. 2, is 
designed so that chopped IR light is emitted by IR 
diode operated by IC-555 based oscillator  
circuit at 32 kHz at 50 % duty cycle by proper 

selection of the oscillator parameters (
1RV =0 kΩ, 

R1=1 kΩ, 
2RV =22.5 kΩ, R2=1 kΩ, C1=0.1 µF, 

C2=0.001 µF). The Receiver IR diode circuit shown 
in Fig. 3 is designed so that 32 kHz signal is 
bypassed through capacitor C3 with R3 acting as a 
load (R3=1 kΩ, C3=220 µF) and the output voltage 
(V0) across C3 is directly proportional to the intensity 
of IR light received by IR receiver diode (D3) from 
the uneven silver surface of the float. This output is 
then converted into 1-5 Volt dc signal by a suitable 
signal conditioner circuit. The output of the signal 
conditioner circuit is nonlinearly related with level. 
So this output signal is linearized with the help of a 
microcontroller based software program. The block 
Diagram of the whole measuring circuit is  
shown in Fig. 4. 

 
 

 
 

Fig. 4. Block diagram proposed level measuring circuit. 

4. Experiment 
 
The experiment is performed in two steps with 

the experimental setup as shown in Fig. 4. The actual 
level was measured from gage glass attached with the 
tank. In the first step, the static characteristic of 
proposed level sensor was determined by increasing 
the level of storage tank in steps by opening the inlet 
valve (V1) and closing outlet valve (V2) of the 
storage tank. In etch step, the receiver circuit output 
across filter capacitor was measured by a four and 
half digit digital multi-meter (DIGITEK DT 930F) 
under steady state condition. The static characteristic 
curve of the level transducer was drawn by plotting 
receiver circuit output (V0) against level in both 
increasing and decreasing modes. The experimental 
graphs for three increasing and three decreasing 
modes are shown in Fig. 5. The standard deviation 
curve of these data is shown in Fig. 6.  

 
 

 
 

Fig. 5. Static characteristic curve of proposed  
level transducer. 

 
 

 
 

Fig. 6. Standard deviation curve of the proposed  
level transducer. 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 53-59 

 57

From above data, inverse of square root of the 

average transducer output 

.0

1

Avg
V

 
 
 
 

was plotted 

against level and a straight line curve was obtained as 
shown in Fig. 7. The percentage deviation from ideal 
linearity of this curve is shown in Fig. 8.  

 
 

 
 

Fig. 7. Inverse square root of average value of level 
transducer output. 

 
 

 
 

Fig. 8. Percentage deviation from linearity of inverse 
square root of transducer output.  

 
 

In the second part of the experiment the static 
characteristic curve of the signal conditioner circuit 
of the proposed level measuring system was 
determined by connecting the output of the IR 
receiver circuit with the signal conditioner circuit. 
The liquid level in storage tank was now increased in 
steps and at each step output of the signal conditioner 
output was measured by the above digital voltmeter 
in both increasing and decreasing modes. The static 
characteristic curves of the signal conditioner circuit 
for three increasing and three decreasing modes are 
shown in Fig. 9 and the corresponding standard 
deviation curve is shown in Fig. 10.  

 
 

Fig. 9. Static characteristics curve of the signal conditioner 
circuit of the proposed level sensor. 

 

 
 

Fig. 10. Standard deviation curve for the measured data of 
the signal conditioner circuit of the proposed level sensor 

in there increasing and there decreasing modes. 
 

In the next step of the experimental work, the 
microcontroller based linearization of the whole level 
measuring circuit was made. The output of the signal 
conditioner circuit was sent to the microcontroller 
input port through ADC and other peripheral devices. 
Level in storage tank was increased in steps and at 
etch step, the microcontroller output in engineering 
unit (millimeter) was recorded. The calibration curve 
of the whole level measuring circuit was then drawn 
by plotting observed level against actual level 
measured from gauge glass as shown in Fig. 11.  

 

 
 

Fig. 11. Calibration curve of the microcontroller  
based level measuring system. 
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5. Discussions 
 

The Transducer characteristic as shown in Fig. 5 
appears to follow the theoretical Equation (4). The 
standard deviation curve as shown in Fig. 6 indicates 
a good repeatability of the transducer. The 
experimental curve obtained by plotting inverse 
square root of transducer output against level as 
shown in Fig. 7 is found to be quite linear and 
appears to flow the theoretical Equation (6) with 
percentage deviation from ideal linearity with in 
tolerable limit as shown in Fig 8. The static 
characteristic curve of the signal conditioner circuit 
as shown in Fig. 9 appears to follow the transducer 
characteristic and it is found to have a good 
repeatability as shown in the standard deviation 
curve in Fig. 10. 

The nonlinearity of the signal conditioner 
characteristic is eliminated by using piece-wise 
linearization technique in software program of 
microcontroller and the LCD display in engineering 
unit (mm) is obtained. The calibration curves of the 
display unit in both increasing and decreasing modes 
are found to be identical as shown in Fig. 11. The 
technique is very simple and requires little hardware 
circuit compared to the transit time technique of 
ultrasonic type level measurement. Hence it may be 
assumed to be less costly.  

The measurement technique does not suffer form 
error due to any electromagnetic interference effect 
since intensity of light wave is used as the sensor 
parameter. Again the float material is selected to be 
made of plastic. Hence the temperature of the liquid 
has little effect on the defusing property of diffuser 
plate of the float. The inside surface of the level 
sensing tube is made polished and its internal 
diameter is made slightly greater than the external 
diameter of the float so that there is little friction 
between float and tube and the tube acts as a guide 
for free movement of float. In the present work black 
plastic tube has been used to avoid any interference 
from outside sources of light.  

In the present paper a detailed study of the 
transducer has been made and a very simple 
arrangement of IR transmitter and receiver system 
has been designed to measure the liquid level by 
using float as the primary sensor. The main 
advantage of the technique is the elimination of error 
due to friction effect of mechanical linkages in the 
conventional float based level transducer. The 
principle of float is the well known Archimedes 
principle and should not have any novelty in its 
theoretical analysis and technical design of the float. 
The special feature in the proposed design is the 
utilization of silver surface as the IR diffuser to 
obtain almost uniform intensity of reflected light for 
any position of the float. The intensity of defused 
light may depend on the type of the material of the 
reflecting surface and type of non–uniformity of the 

surface. In the present design corrugated surface has 
been used and almost uniform intensity of defused 
light has been observed for different positions of the 
receiver diode for a particular level. 

Each of characteristic curves shown in Figs. 5, 9 
and 11 is plotted for experimental data obtained in 
three increasing and three decreasing modes. But 
these data are so close that when they are plotted in 
the same graph paper by using Microsoft Excel, the 
graphs superimpose with one another to resemble a 
single graph. This indicates very good repeatability 
of the experimental data. 

The proposed technique may suffer from 
reduction in long term stability due to tilting of float 
and staining of IR transmitter and receiver along with 
reflecting surface. However, this effect is applicable 
in every conventional float based measurement of 
liquid level, where serious measurement errors due to 
friction of mechanical linkages are sometimes 
observed in industry. The present technique is a non 
contact technique and does not suffer form such 
errors. Like all electronic instruments long term 
stability of the present technique may be less then 
that of conventional float based system but by proper 
selection of electronic components, stabilized power 
supply and proper design of float and float guide 
tube, the long term stability may be increased. 
Moreover this cylindrical float and cylindrical guide 
tube may be so selected that their surfaces are highly 
polished and there is negligible gap between them. 
Under this condition the space above the float surface 
may be assumed to be an enclosed chamber and 
diffused IR wave will behave like radio wave [16] 
and will be unaffected by liquid vapour and other 
similar obstructions. 
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Abstract: Charge-pumping represents an unusual approach to MEMS actuation with the potential benefits of 
large displacement coupled with high force, as well as simple out-of-plane motions, large-scale self-assembly, 
simple single contact and even the possibility of non-contact actuation. Charge pumping is conducive to energy 
scavenging techniques such as tribolectric harvesting, useful in aerospace and satellite applications, but it comes 
at the cost of modifications to the electronics control infrastructure now based on two-terminal (power/ground) 
voltage and current paradigms. Non-contact examples will be shown, including devices that can be used for 
microscale biomimetic optics. Copyright © 2014 IFSA Publishing, S. L. 
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1. Background 

 

MEMS device actuation design can benefit from 
physical scaling laws that result in the large 
dominance of effects related to surface area, over 
effects related to volume, such as mass, gravitational 
and inertial effects. So instead of simply scaling 
down designs that worked well in the macro world, 
we envision a new class of devices specifically 
designed to take advantage of what already works 
well in the micro-scale world. This discussion 
represents a class of devices requiring a different 
mentality in both design and control methodology 
because they depend neither on the passage of current 
(the typical approach to electromechanical design) 
nor directly on capacitance or voltage, but rather on 
manipulation of the fundamental unit of charge. Not 

quite static, and not dynamic enough to be concerned 
with current, but focused on how materials and 
geometeries allow charge to be collected on a surface 
and redistributed in controlled fashion, in order to 
mechanically take advantage of fundamental 
coulombic repulsion and attraction effects, which 
have enormous relative capacity for both high force 
and large displacement at the micrometer scale and 
below. An outcome of this design approach is the 
setting aside of the two-terminal (power/ground) 
thought process in favor of a single point of contact 
and control, and even the possibility of non-
contacting methods, using field emitters, beta particle 
emitters, or triboelectricity [1-6]. 

All reported devices were designed at the 
University of Utah and built at Sandia using the 
SUMMiT-V five-level polySi architecture [7]. 
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2. Charge Pumping Applications 
 
Recent work in our group [8-15] can be 

categorized in terms of efforts to realize large-force, 
high-displacement radial motion that would be 
compatible with the demands of a biomimetic 
accommodating lens. It had become clear that 
traditional MEMS actuation would not be capable of 
providing these attributes, at least with any 
reasonable speed.  

First we discuss the benefit of out-of-plane 
actuation, then describe efforts to convert out-of-
plane motion to in-plane actuation of a radial lens-
pulling device. 
 
 
2.1. Out-of-plane Displacement 
 

We previously demonstrated large-force and high 
displacement in a simple coiled spring, deployed out-
of-plane using coulombic repulsion by charge 
pumping [8]. Whereas most MEMS actuators are 
capable of only a few percent displacement compared 
to their size, this device was easily capable of out-of-
plane displacement equivalent to the size of the 
device footprint on the silicon chip, without 
contacting the device. See Fig. 1.  

 
 

 
 

Fig. 1. Scanning electron micrograph showing deflection of 
the spiral beam actuator as observed during SEM imaging. 
The measured deflection was greater than 1:1 aspect ratio 
compared to the device footprint (220 μm out-of-plane 
corresponding to an equivalent point load of 2 μN) [8]. 
 
 
2.2. Demonstration of Coulomb’s Law 
 

The best demonstration of Coulomb’s Law is the 
same one used in Freshman Physics: The Braun 
Electroscope is a device with a needle pivoting on a 
rigid vertical bar. When amber and hair are rubbed 
together, the amber accumulates a net excess charge 
through triboelectric effects, and when discharged to 

the electroscope, the ungrounded conductor re-
distributes the charges across the surface. The 
pivoting needle then responds by being repelled from 
the rigid vertical shaft, into a position perpendicular 
to the shaft. In our micro-scale implementation of the 
Braun demonstration, the ring of the Braun 
electroscope was fabricated in-plane with the 
substrate, hinged for effect to two other rings. Upon 
actuation by charge injection, the rings self-deployed 
perpendicular to the substrate, and the needle 
responded perpendicular to the rigid shaft (Fig. 2).  

 
 

 
 

Fig. 2. Micro-scale Braun electroscope, fabricated in-plane 
and deployed by charge pumping from the SEM, showing 

coulombic effects. 
 
 

While the electron beam is useful for 
simultaneously (and in a non-contact mode) 
embedding charge and visualizing the resulting 
dynamic effects, other sources of charge pumping are 
effective for simply actuating the devices. In the lab, 
a Van der Graaff generator was used effectively both 
in contact mode and in non-contact mode by holding 
a probe over the device to shower the device with 
electrons escaping from the tip. Manual triboelectric 
charging is also effective, such as with an amber rod 
and hair. 
 
 
2.3. Biomimetic Accommodating Lens 

 
Several design implementations (Fig. 3) were 

directed at translating strong out-of-plane motion into 
radial in-plane actuation. Out-of-plane motion is 
desired due to the large opposing surface areas that 
can be used to maximize the advantage of coulombic 
effects. Two sail-based designs are shown with the 
sail parallel to the substrate. The sails are constructed 
of doped (conductive) polysilicon, but none of the 
structures have electrical contact to ground. As 
charge is applied through the action of scanning an 
energetic electron beam over the device, accumulated 
charges redistribute over the available surface in 
order to create as much separation as possible. At 
some point, the crowded charges begin to face each 
other across the gap between the lower part of the sail 
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and the underlying substrate, and tremendous forces 
are exerted on the sail. There is some difficulty in 
modeling these effects as commercial multi-physics 

software is not set up for these effects and requires 
definition of a ground plane per the traditional two-
terminal electrical model.  

 
 

  

 
Fig. 3. Two versions (upper and lower) of biomimetic lens stretching actuators, (left) base state as-built in-plane;  

(right) biomimetic lens stretchers actuated out-of-plane by charge pumping. In these cases, the charge pump is the electron 
beam also used to image the devices. Note the differences in accelerating voltage (HV) between L and R. 

 
 
We previously described [8-9] the electron beam 

conditions under which a MEMS designer may 
choose to create a net-positive charge condition, or a 
net-negative charge condition. This permits designers 
to create conditions of both attractive forces between 
separated unlike charge states on design elements, or 
repulsive forces between design elements due to the 
presence on each mechanical element of like charges, 
per Coulomb’s law.  

The upper design of Fig. 2 was created with 
multiple parallel sails in an attempt to multiply the 
applied force. The design shown in the lower part of 
the figure took advantage of a negative poisson 
compliant mesh [11], arranged to accommodate 
radial expansion, in order to avoid mechanical 
hinges. Both designs unfortunately had insufficient 
tolerances between individual sails, creating pinch 
points and wedging the sails together as the devices 
deployed. The effects of out-of-plane deployment by 
charge pumping were thus demonstrated without the 
benefit of creating a working accommodating  
lens actuator. 

 

2.4. “Traditional” In-plane MEMS Actuation 
 

Remarkably, the conditions we used for e-beam 
charging of the devices shown in Fig. 3, were also 
effective in continuously driving the Sandia-designed 
torsional ratcheting actuator (TRA) [17]. It was 
unusual since no attempt was made to ground either 
terminal. Under the action of the electron beam, the 
floating nodes differentially charged to the point 
where the interdigitated fingers attracted to each 
other, touched and discharged, then sprung back to 
the base state to begin another cycle, engaging the 
ratchet with each step. Fig. 4 shows the device under 
charging conditions that produced voltage contrast 
between the sets of opposing fingers. 

 
 

3. MEMS Actuator Comparison  
 

Table 1 provides a relative reference for several 
actuation techniques. We show typical success 
metrics of force and displacement, but also take into 
account the cost efficiencies of how much real estate 
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the design consumes on the chip. This is the origin of 
what looks like a unit of pressure (force per unit 
area). It is not an actual pressure comparison, but 
rather is a measure of force efficiency per unit chip 
real estate. This table tells us some of what we 
already know: that chevron actuators based on 
thermal expansion provide an extremely high force 
over a very low displacement. Using chevrons in 
practical applications involves gears and ratchets, 
which increases design complexity, takes time for 
full actuation, and reduces the favorable calculation 
of real estate use. The charge pumped hinged plate 
was calculated to be the next most efficient use of 
real estate for the applied force, carrying the benefit 
of extremely fast reaction times. 

 
 

 
 

Fig. 4. Sandia-designed torsional ratcheting actuator [17] 
showing voltage contrast in the comb fingers, actuated here 

by non-contact (SEM) continuous charge pumping. 
 
 

Table 1. MEMS Actuator Efficiency. 
 

 
 
 

4. E-Harvesting Applications 
 

We have demonstrated the power of charge 
pumping in actuating micromachines both in-plane 
and out-of-plane. This source of powering MEMS is 
unique in the ability to provide large displacement 
without the traditional sacrifice of high force. 
Manipulation of discrete charges is perfectly suited 
for energy harvesting approaches based on 

triboelectricity. This effect is familiar to each of us in 
day-to-day living, in how clothes cling due to static 
buildup, as well as the shocking discharge when 
touching a conductive object. 

 
 

5. Future Work 
 
Our objective in publishing this work is to seek 

development partners interested in capitalizing on 
abundant and free energy sources readily attainable 
through triboelectric effects. Challenges to be 
overcome include learning how to convert charge 
stored in a single terminal trap, into current that can 
be applied in traditional electric applications. 
Otherwise, it involves how to invent the machines 
and control systems of the future that operate strictly 
on discrete bursts of relocated charge, in preference 
to performing work via continuous or alternating 
current. Future work will concentrate on 
development of high-surface area, mechanically 
stable charge traps and the system of both trapping 
and controlled releasing discrete amounts of charge. 

 
 

6. Summary and Conclusions 
 
It is truly a paradigm shift to begin thinking in 

terms of applying force and performing work, 
directly using the fundamental unit of charge, 
designing how charges interact with each other, in 
preference to the traditional engineering of power 
using secondary effects of charge: charge in motion 
(current), charge in storage (voltage) or induced 
charge (capacitance). 

The ability to accumulate charge from the 
ambient environment could lead to the elimination of 
batteries and allow MEMS to operate indefinitely. A 
triboelectric MEMS trickle charge pump could 
enable the powering of an entire cell phone or other 
mobile electronic devices, by dumping the collected 
charge into a single terminal supercap that acts like 
an infinitely rechargeable battery. In space-based 
MEMS, this would give advantages in weight, form 
factor, and energy storage. The trickle charger would 
replenish on-board power supplies for electronic 
function and it would alleviate the static charge 
build-up that occurs in normal space operation, 
where charging is otherwise a nuisance.  

The infrastructure for these devices is not 
batteries, converters, power supplies, and function 
generators. It is rather triboelectric generators, single-
terminal capacitors, MEMS switches, and a host of 
new power management tools that allow the control 
circuitry to be managed through classical, two-
terminal voltage switching. In other words, while the 
“work” is done by controlled positioning and 
repositioning of static charges, yet the control is 
managed through classical electrical interfaces. 

This potential saving of space (form factor), 
weight, and energy efficiency are of great interest in 
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space based applications, where triboelectric charge 
can be “harvested” simply by nonmechanically 
collecting the abundant charge on high surface area 
storage media (single-terminal supercaps). This 
factor also applies in terrestrial applications, wherein 
charge-pumped MEMS can be powered simply by 
appropriate harvesting of charge through  
rubbing materials together with differing  
triboelectric tendencies. 
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Abstract: In this paper, the design, fabrication, and characterization of a virtual pivot point micro 
electromechanical systems (MEMS) electrostatic actuator with externally mounted mirror is presented. The 
point of rotation of the movable arm of the actuator is distant from the physical actuator. This is a requirement 
for certain applications, such as an external cavity laser in Littman configuration. A maximum rotational radius 
of 5 mm from the virtual pivot point was achieved. A detailed analytical analysis for the displacement of the 
structure is presented. The dynamic characterization of the device with a finite element analysis simulation 
shows that the resonance frequency of the in-plane rotational mode is well separated from that of the out-of-
plane bending mode, confirming high in-plane stability. The devices were fabricated on a silicon-on-insulator 
wafer with device layer thickness of 100 µm. Thin mirrors were fabricated by dicing a 100 µm thick silicon 
wafer. A resonance frequency of about 5.9 × 102 Hz for the maximum sized mounted mirror (1.7 mm × 100 µm 
× 1.0 mm) was determined by optical characterization. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: MEMS, Optical MEMS, External cavity laser, Tunable laser, Micromirror, Virtual pivot. 
 
 
 

1. Introduction 
 

MEMS mirrors have become common in 
miniature structures and are used in many optical 
applications. While some of these applications are 
already at the commercial stage, such as projection 
displays, optical scanners, and optical switching  
[1-3], significant research activities are currently 
directed towards the use of MEMS mirrors in other 
applications, including external cavity lasers (ECLs) 
[4], adaptive optics [5], optical tomography [6-7], 
and galvanometric scanners [8]. In many cases, the 
anticipated application dictates the size of the MEMS 
mirror and its plane of movement. Micro-sized 

mirrors favor high frequency operation which is 
suitable in switching and projection display 
operation. Many other applications demand larger 
mirror sizes to achieve sufficient light reflection for 
its operation [5-9]. Most of the large MEMS mirrors 
reported in the literature are fabricated on top of the 
silicon plane and provide out-of-plane movement 
through a tilt motion. However, some applications, 
for example mirror tuning of an ECL, demand in-
plane lateral movement of the MEMS component. 
MEMS devices can be fabricated for lateral operation 
using bulk micromaching processes of silicon-on-
insulator (SOI) wafers and the sidewall can in 
principle be used as mirror surface [10]. However, 

http://www.sensorsportal.com/HTML/DIGEST/P_2544.htm
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the size of the mirror is then limited by the thickness 
of the device layer and the maximum achievable 
depth for uniform etching. The surface quality of the 
etched sidewall is also an issue for applications that 
require minimum light scattering. One way to 
overcome this issue is to mount an external mirror 
onto a MEMS actuator [11].  

In this paper, we present the design and 
fabrication process of a virtual pivot point (VPP) 
actuator with the provision of mounting external 
optical components [12]. The VPP actuator has a 
radius of up to 5 mm and a physical clearance of 
3 mm from the pivot point location. We also describe 
an efficient process for mounting an externally 
fabricated mirror onto the MEMS actuator. 

 
 

2. Device Design and Operation 
 

The VPP design of a rotary comb actuator 
implements a pivot point that is remote from the 
physical actuator [10]. It thus allows an optical beam 
to pass between the physical actuator and the pivot 
point for in-plane applications and also provides 
space for additional optical components. For 
example, continuous wavelength tuning of an ECL in 
both Littrow and Littman configuration is possible 
through rotation of the tuning element 
(mirror/grating) about a pivot point [13]. The VPP 
actuator described here is specifically designed for 
operation in a Littman configured ECL, in which 
optical beam and rotation axis intersect. 
Nevertheless, the actuator can equally be used in 
Littrow configured ECLs and other optical 
applications which require large mirrors. The device 
has a maximum radius of 5 mm and a physical 
clearance of 3 mm from the pivot point. A schematic 
diagram of the designed VPP rotary comb 
electrostatic actuator is shown in Fig. 1.  

 
 

 
 

Fig. 1. Schematic diagram of a VPP actuator with mounted 
external mirror. 

 
 

Four sets of rotary comb drive pairs were used in 
the design to generate sufficent electrostatic force to 
achieve the desired rotation angle. 

The comb drives are connected through rigid arc-
shaped trusses at the top and the entire movable 

structure is anchored through three beams. Two 
trusses from which the moving comb fingers extend 
are positioned along the radial direction from the 
VPP. They were designed with high stiffness to carry 
the mirror. In our design, two of the four sets of 
comb drives generate force to rotate the actuator in 
one direction (for example, the first and third comb 
drives for clockwise rotation) and the other two 
actuate during rotation in the opposite direction. The 
electrostatic force is balanced by the restoring spring 
force provided by the three anchored beams 
according to Hooke’s law. See Table 1 for design 
parameters.  

 
 

Table 1. Design parameters of the fabricated actuator. 
 

 Length/Arc 
size 

Width Height 

Beam Dimension 1500 µm 9 µm 100 µm 
Comb Finger 1.8 deg 7.4 µm 100 µm 
Mirror Size 1.7 mm 100 µm 1 mm 
Maximum Radius 
from Pivot Point 

5010 µm 

 
 

In the following, we describe an analytical model 
for the designed actuator. For a larger truss length 
with a smaller arc length of comb fingers, a parallel 
plate configuration can be assumed. The electrostatic 
force generated by a set of n rotary comb fingers with 
an applied voltage V can then be expressed by:  

 

g

hVn
F

2ε= , (1) 

 

where h is the finger thickness, g is the gap between 
the fingers, ε is permittivity of air and n is the 
number of moving comb fingers. The design of the 
VPP actuator can be represented by an approximate 
straight model as shown in Fig. 2(a). In the 
approximate model, the force generated by the comb 
fingers is given by an equivalent point force at the 
middle of comb drive. The approximate model can 
be further simplified by removing the folded truss, as 
shown in Fig. 2(b). The effect of the force on the two 
folded truss is modeled by an equivalent moment and 
force applied at the top of the truss where the 
equivalent moment is given by M=FLF. The 
simplified model in Fig. 2(b) resembles a portal 
frame structure [14]. As the simplified model is still a 
statically indeterminate structure, we used the force 
method [15] to solve for the unknown redundant 
forces and moments of the structure. In the force 
method, the degree of indeterminacy of the structure, 
i, is first determined and then the i unknown 
redundant forces or moments are selected. The 
redundants are selected in such a way that when they 
are removed, the structure become statically 
determinate and stable.  

Removing the restraints, which correspond to all 
the redundants from the indeterminate structure, 
gives the primary (determinate) structure, where the 
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external load is also present (Fig. 3 for our VPP 
model). 

 
 

 
 

Fig. 2. Modeling of the virtual pivot structure;  
(a) an approximate model; (b) simplified model after 

removing the folded truss. 
 
 

 
 

Fig. 3. (a) Primary structure for the force method of 
calculation. The restraints, which correspond to the 
selected redundants (M2, FX2, FY2, M3, FX3, FY3), are 
removed. The sections labelled by numbers are considered 
individual sections in the calculation; (b) an equivalent 
displacement model using a single beam structure. 
 
 

Removing the external load from the primary 
structure and assigning a unit value of force or 
moment to a single redundant leads to further 

determinate structures. Using the principle of 
superposition, the statically indeterminate structure is 
equal to this series of statically determinate 
structures. Finally, compatibility equations are 
formed to solve for displacement or rotation at each 
section of the structure where there is a redundant 
force or moment. These equations are expressed in 
terms of the unknown redundants and their 
corresponding flexibility coefficients obtained from 
unit loads or unit couple moments that are collinear 
with the redundant forces or moments. The 
compatibility equations for our structure, which has a 
degree of indeterminacy of 6, can be expressed as 
[15]: 

 
0=+Δ fR , (2) 

 
where Δ is the displacement matrix, f is the  
flexibility matrix and R is the redundants matrix of 
the structure. For i redundants, the flexibility matrix 
is an i x i matrix, and Δ and R are column matrices 
with i elements.  

The elements of the matrix Δ are given by: 
 


=

=

=Δ
mm

m

imom
i EI

MM

1

, (3) 

 

where Mom and Mim are the bending moments on each 
section of the structure for an external load and a unit 
load of redundant Ri respectively. The individual 
elements of the flexibility matrix are  
given by: 

 


=

=
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m
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where Mim and Mjm represent the bending moments in 
section m resulting from the unit loads of redundants 
Ri and Rj, respectively. Since all three beams have the 
same dimensions and are connected through a rigid 
truss, the structure will have the same lateral 
displacement on all the points which are at the same 
distance from the anchor point. Upon determining all 
the redundant forces and moments, the structure can 
be represented by a free body diagram of a single 
beam (the displacement model) with equivalent force 
and moment at its tip, as shown in Fig 3(b). The 
force, F, in the displacement model is the reaction 
force at the base of the third beam, FP = – FX3 and the 
equivalent moment MP = M3 – FL, where L is the 
length of the beam. The displacement can then be 
determined by using the displacement formula of a 
canteliver beam for an applied force of FP and a 
moment of MP. The moment works in the opposite 
direction of the force and the total displacement, x, at 
the tip, P, is given by: 
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23
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−= , (6) 

 

where E is the Young’s modulus of silicon and I is 
the area moment of inertia of the beam.  

We also simulated the VPP actuator using the 
MEMS simulation software Intellisuite [16] to obtain 
the actual displacement as a function of applied 
voltage. Fig. 4 shows a comparison of the calculated 
maximum displacement of the virtual pivot point 
model with the simulation results.  

 
 

 
 

Fig. 4. Displacement at the topmost point of the actuator 
along the x-coordinate as function of voltage (solid lines) 

and variation of the resonance frequencies of the two 
lowest modes of the actuator (dashed lines)  

with mirror mass. 
 
 

The generated force from the comb drive is 
considered at a distance of 797.3 µm from the 
topmost truss during the calculation. As shown in the 
graph, the simulated and the calculated 
displacements for the virtual pivot model are quite 
close to each other. The simulated displacement for 
the actual device is slightly larger than the calculated 
displacements of the virtual pivot point model. A 
number of factors may contribute to this larger 
displacement. The maximum displacement is found 
at the end of the connecting truss in the simulation 
whereas the maximum displacement is calculated at 
the tip of cantilever beam from the analytical model. 
The omission of the width of the truss during the 
analytical calculation reduces the analytical 
displacement slighly. Other factors that can 
contribute to the deviation are, for example, 
assumption of a straight connecting truss in the 
analytical model while the actual truss is curved and 
neglecting the fringe field effect in the analytical 
force calculation. 

The behaviour of the structure was also simulated 
to determine the effect of mounting an external 
mirror. The resonance frequency of structure 
decreases with increase of mirror mass, as 
anticipated. The two dashed traces in Fig. 4 show the 
change of resonance frequency with mirror mass. 

Mode 1 represents the in-plane vibration and Mode 2 
the out-of-plane vibration of the structure. It is 
apparent that the frequency of the out-of-plane 
vibration frequency is much higher than the in-plane 
frequency, which confirms the in-plane stability of 
structure. 

 
 

3. Device Fabrication 
 

The actual device has dimensions of  
2 mm × 2 mm and was fabricated on a 4 mm × 5 mm 
chip. An SOI wafer with device layer thickness of 
100 µm, buried oxide layer of 2 µm, and substrate 
layer thickness of 300 µm, as depicted in Fig. 5(a), 
was used for the device fabrication. Bulk micro-
machining was performed from both sides of the 
wafer and involved two level masking. The mask sets 
were designed with largely spaced open areas around 
the devices to facilitate easier mounting of the 
external mirror and easier alignment of the light 
beam onto the mirror. This made the fabrication 
process challenging as the wafer became structurally 
weak due to the removal of bulk silicon from the 
handle layer. We developed a fabrication process that 
involved patterning of both sides of the wafer before 
any deep etch, as shown in Fig. 5(a) – (j).  

 
 

 
 

Fig. 5. Step-by-step illustration of the actuator fabrication; 
(a) SOI wafer; (b) thermally grown oxide on both sides;  
(c) Al sputtering on the back side; (d) patterning of Al, 
etching of Al layer and oxide layer; (e) patterning of front 
layer; (f) removal of Al from the back; (g) removal of Si 
using DRIE; (h) removal of buried oxide; (i) etching of Si 
device layer and (j) removal of residual thermal oxide  
from the top. 
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At first, a thermal oxide layer was grown on both 
sides of the wafer as masking layer to utilize the 
higher etching selectivity of SiO2 over Si (100:1). 
Aluminum (Al) was then deposited onto the backside 
of the wafer with a sputtering process to assist the 
alignment of front and back patterns. The Al layer on 
the backside was then patterned by photolithography 
using HPR 506 photoresist followed by etching with 
commercial Al etchant (16:1:1:2 solution of 
phosphoric acid, nitric acid, acetic acid, and water). 
The pattern was then transferred onto the oxide layer 
by etching the SiO2 layer using a reactive ion etch 
(RIE) process.  

The same process, except the Al patterning steps, 
was used to pattern the front side SiO2 layer. The 
backside Al layer, opaque to infrared light, assisted 
the alingnment process without any deep etch. After 
patterning of both sides, the wafer was diced into 
individual dies for further processing. Batches of 10 
to 20 dies were then mounted on a carrier wafer and 
deep etching of Si down to the buried oxide layer 
was performed from the back side. An optimized 
deep RIE (DRIE) recipe was used in an STS 
inductively coupled plasma (ICP) machine to achieve 
good vertical feature profiles. We used the Bosch 
plasma etching process [17, 15], which consists of 
two alternating steps, i.e. etching and passivation. A 
stronger passivation step tends to produce a positive 
profile, but increases grass at the bottom of the 
feature and reduces the etch rate. On the other hand, 
a stronger etching step increases the etch rate and 
reduces grass, but makes the profile negative. 
Optimization was achieved by experimenting with 
the plasma process parameters such as 
etch/passivation cycle time, gas flow, ICP coil 
power, chamber pressure, and electromagnet settings. 
After DRIE, we removed the buried oxide layer 
using RIE from the back side.  

The dies were then un-mounted from the carrier 
wafer and thoroughly cleaned. We mounted them 
again on a carrier wafer and performed DRIE from 
the front side to transfer the pattern onto the Si 
device layer from the oxide mask. The actuators were 
released upon completion of this stage. The residual 
oxide mask layer was then removed using RIE and a 
thin gold layer was deposited using a sputtering 
process for better electrical contact. An SEM image 
of a fabricated device is shown in Fig. 6. 

 
 

4. External Mirror Mounting 
 
Two contact pads were inscribed at the top and 

bottom of the right truss in our design to facilitate 
mounting of an external mirror, as shown in Fig. 6. 
Si mirrors were fabricated from a commercially 
available 100 µm thin Si wafer, polished on both 
sides. The wafer was first diced into different 
suitable mirror sizes using a Disco DAD 321 dicing 
saw. Thin layers of chromium (Cr~15 nm) and gold 
(Au ~50 nm) were then deposited onto the individual 

mirror pieces through sputtering. Gold was used on 
the mirror surface to increase its reflectivity. We 
developed an efficient method to mount the external 
mirror onto the MEMS device to minimize problems 
associated with manual handling of the thin Si 
mirrors. 

 
 

 
 

Fig. 6. An SEM image of a VPP actuator. 
 
 
A die bonding system consisting of a microscope, 

a moving stage, a heater, and a vacuum tip, was used 
to develop the mirror mounting method. Epotek 
H20E Silver filled epoxy [18] was used as the 
bonding material between the MEMS device and the 
mirror. The epoxy cures within 15 minutes at 120 °C. 
The mirror mounting setup is shown in Fig. 7.  
 
 

 
 

Fig. 7. Mirror mounting setup and mounting process;  
(a) the die bonding machine used for mirror mounting  
(the top right picture shows a close-up of the vacuum tips); 
(b) silver epoxy mixture; (c) a drop of epoxy at the tip of 
the needle; (d) a mirror picked up by the vacuum tip; and 
(e) an SEM image of an actuator with mounted mirror. 

Pad for 
epoxy 

Contact Electrodes 
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The die bonding system (Fig. 7 (a)) has different 
types of vacuum tips just above the movable stage. 
An enlarged view of the tip assembly is shown by the 
arrow. A needle was used to pick up a drop of epoxy 
and the vacuum tip (next to it), which has a slot to 
keep the mirror straight, was used to pick up the 
mirror piece and to release it. Fig. 7 (b)-(c) shows the 
epoxy mixture and a tiny dot of epoxy on the needle. 
A mirror picked up vertically by the vacuum tip is 
shown in Fig. 7 (d). The mirror piece was aligned 
with the mirror holder on the MEMS actuator and 
released onto it with the help of the microscope and 
moving arm. Fig. 7 (e) shows an SEM image of an 
actuator with mounted external mirror. 

 
 

5. Results and Discussion 
 
A vernier scale was inscribed into each chip 

during the mask design to facilitate measurement of 
the rotation angle on a wafer probing station. 
Measured and simulated rotation angles are in 
excellent agreement (see Fig. 8). We also achieved 
symmetrical displacements in clockwise and counter-
clockwise directions.  
 
 

 
 

Fig. 8. Measured and simulated rotation angles of the 
actuator as function of applied voltage. 

 
 

After mounting the mirror, we characterized the 
device using an optical technique. A schematic 
diagram of the optical testing setup is shown in 
Fig. 9. The beam of a red laser pointer (630-680 nm, 
maximum output <5 mW) was aimed at the  
mounted mirror and the reflected beam was detected 
using a photodector (Alphalas, wavelength range  
320-110 nm, detector area 0.5 mm2). The 
photodector output was recorded with a digital 
oscilloscope. The device was actuated with a square 
wave driving voltage and the vibration after the 
sudden actuation was captured by recording the 
photodetector output. Fig. 10 shows a captured 
photodetector signal for an actuation voltage of 
120 V at a frequency of 1 Hz. Only a 10 ms section 
near the up-going voltage step is shown in the figure. 

Increasing the frequency increases the vibration at 
the actuated position because of the increased speed 
of the actuator. 

Analysis of the oscilloscope traces resulted  
in a lowest vibration frequency of 5.9 × 102 Hz  
for a maximum mounted mirror size of  
1.7 mm × 100 µm × 1 mm. This is very close to 
frequency of 6.2×102 Hz from the simulation. The 
slight deviation can be attributed to uneven beam 
widths of the actuator produced in the DRIE process. 

 
 

 
 

Fig. 9. Schematic diagram of the optical testing setup. 
 
 

 
 

Fig. 10. Captured photetector output for a square wave  
of 120 V, 1 Hz.  

 
 

6. Conclusions 
 

In this paper, we present the design, fabrication, 
and characterization of a VPP comb drive actuator 
with the provision of mounting optical components. 
A detailed analytical analysis of the designed 
structure was carried out and the analytical results 
compare well with those from a numerical simulation 
and with the experimental results. The actuator 
provides a tip displacement of about 96 µm 
(equivalent to 1.1°) for a voltage of 190 V. The 
dynamic characterization of the actuator confirms the 
in-plane stability of the devices with mounted 
external mirror. A procedure for mounting optical 
components was developed. The resonance 
frequency of the device with mounted  
mirror of size 1.7 mm × 100 µm × 1 mm was 
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determined to be 5.9 × 102 Hz using an optical 
characterization method. 
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Abstract: An increasing demand for improving neuronal imaging technologies in spatial-temporal resolution 
has emphasized in literature. Here we report a nanostructured memrisor/memcapacitor device is able to bio-
communicate with the brain cancer cells without using tracers, antibodies and reagent. A “normal neuron” with 
a biomimetic acetylcholinesterase (ACHE) active gorge was made by cross-linked multiple polymers on gold 
surface as Sensor 1 and an “abnormal neuron” without a hydrophobic ACHE lining as Sensor 2. A cyclic 
voltammetry (CV) method was used. Three types of maps were constructed in light images, contour maps and in 
3D dynamic interaction between cross-point location, direct-electron transfer and frequency. The spatial-
temporal orientations of the dynamic interaction maps with and without cancer between 10-300 Hz were 
presented and compared in details regarding how the cancer broken the direct electron-relay circular current, 
how it changed the brain circuitry structure and its direction. Our results show Sensor 2 without a hydrophobic 
lining suffered more damage by the cancer than Sensor 1. The cancer’s behaviors toward the neuronal sensors 
were defined in spatial-temporal fine resolution/orientation in a single cancer concentration and the direction of 
the synapse network signaling pathway and the trajectory of cancer interaction were identified and mapped. 
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Mapping Circular Current, Nanostructured Biomimetic ACHE Gorge, Spatial-temporal Orientation, 
Memristor/memcapacitor, Direct Electron-Relay. 
 
 
 
1. Introduction 

 
An increasing demand for improving neuron 

imaging technologies in spatial-temporal resolution 
has been emphasized everywhere in the literature  
[1-4]. Functional magnetic resonance imaging 
(fMRI), positron emission tomography (PET) and 
electroencephalography (EEG) have their own 

strength and weakness. It is obvious; there is an 
unmet need for enhancing spatial- temporal 
resolution of neuronal images used for diagnosing 
and monitoring various neuronal dysfunction 
diseases in the clinical settings and for Point-of-Care 
(POC) utilities. However, there is very few, if any, 
for current fMRI, EEG and magnetoencephalography 
(MEG) methods, are able to provide information of 
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the scanned target, for example, a single brain tumor, 
either enhancing or disturbing the brain local 
circuitry and trajectory of the brain of the patient in 
real time, because neither of the technology is based 
upon how the scanned target interacts with the 
host’s brain, in terms of identifying the abnormal 
current flow against that of the host’s, rather than 
observes a group of tumors deoxygenizing, or 
communicating with a labeled foreigner (tracer) in 
nuclei oscillation; even in vivo real time EEG can’t 
provide the spatial-temporal single brain tumor’s 
orientation. One can’t change the natural of EEG- a 
spontaneous brain electric discharge recording 
method, therefore it is difficult to expecting the MEG 
method able to mapping a single brain tumor’s local 
circuitry and to define the trajectory change due to 
the interaction with the host brain without sacrificing 
the tested mice or slice a deceased human brain. 
Recently a committee report stressed the guidelines 
for procedures of report and analysis EEG and MEG 
[5]. The article addressed EEG and MEG have less 
competitive in spatial resolution compared to PET 
and fMRI. In order to provide a first step conceptual 
approach to enhance the spatial-temporal resolution 
and to provide more enrichment information, hence, 
we are attempted to reach this goal in the area.  

Many diseases including cancer, diabetes, brain 
injury, neuronal tube deficiency, microvascular 
coronary dysfunction, epilepsy, myasthenia gravis, 
viral infection, reproductive tract dysfunction, 
Schizophrenia, asthma, Parkinson’s, autism and 
Alzheimer’s involve the dysregulation of 
acetylcholinesterase (ACHE) causing inappropriate 
production of the neurotransmitter acetylcholine 
(ACH).  Acetylcholinesterase (ACHE) is a very 
important hydrolase. It is found in nerve and muscle, 
central and peripheral tissues, motor and sensory 
fibers, and cholinergic and noncholinergic fibers. Its 
primary function in high rate hydrolysis activity for 
terminating synaptic impulse transmission of 
neurotransmitter acetylcholine (ACH) [6-8] and 
ACHE’s non-cholinergic functions such as cellular 
proliferation are well known [9-10]; ACHE 
dysregulation promoted cancers were reported 
everywhere [11-13]. The neurotransmitter ACH also 
plays an important role in spatial and contextual 
learning and memory [14-17]. During slow-wave 
sleep, however, declarative memory consolidation is 
particularly strong [18]. Pesticides (herbicides, 
fungicides, insecticides) widely used in the 
agriculture and industry, are neurotoxic compounds 
which irreversibly inhibit ACHE, resulting in the 
accumulation of the neurotransmitter ACH. 
Therefore, it is important to characterize the activity 
of ACHE through quantifying ACH with enhanced 
sensitivity and simplicity as reviewed in literature 
[19-20]. Improving the biosensor performance of 
ACH is challenged for unavoidable biofouling and 
nonspecific protein bounding caused interference by 
utilizing nature enzyme or coenzyme [21-24]. In 
review of the recent advances of the ACH sensor 
development, the most popular approaches are using 

ACHE nature enzyme or coenzyme fabricated on the 
substrate surface [19-20, 25-27]. The reported 
sensitivity reached 10 nM using this biosensor  
[19-20, 25-27]. Our group reported a new type of 
device developed that is able to mimic the ACHE 
gorge’s function and is able to sense ACH in fM 
level without using antibody, ACHE and any tracer 
[28]. It acted as a Hyppocampal-Neocortical artificial 
neuron cell [28]. We decided to use this model and 
test the hypothesis, that this biomimetic neuron cell 
can provide appropriate nanostructure, 
electromagnetic field and microenvironment to help 
us reaching the goal. Our research also based upon a 
contour map method developed in our group for 
accessing the heat released by cancer cells [29] and 
methods developed for single cancer cell 
discrimination between brain and breast cancer cells 
with high sensitivity and selectivity [30-31] that laid 
a foundation for pursuing the goal of this research.  

Direct electron transfer (DET) between enzymes 
and electrode has been extensively studied [32-34]. 
The intriguing phenomena known as 
bioelectrocatalysis DET offers advantages that were 
reported [35-37], such as a mediator-free and 
enzyme-free direct detection of analyte can be 
reached reported by E. Chen [35]. The electron-relay 
existed in biological materials is well known and 
reported in literature [38-39]. Circular current 
induced by junctions of aromatic molecules of the 
delocalized molecules has drawn interest among 
theoretical scientists [40-41]. Scientists have 
envisioned its future applications [40-41]. We have 
reported the first biomimetic ACH sensor device has 
circular current phenomena [42]. However, the 
circular current reported did not have a 
comprehensive spatial-temporal mapping 
information comparison between a mutated ACHE 
sensor and a normal ACH sensor, even though we 
offered the contour map between variables of switch 
point location in electrochemical potential, DET peak 
current and DET peak location in electrochemical 
potential based on the results obtained by a cyclic 
voltammertry method (CV). How did the DET peak 
oriented in 3 dimensional orientations with DET 
peak potential change, and the switch point potential 
change accompanied with frequency change? How 
did the image look like? How would the image be 
changed if a cancer cell enters the mutated and the 
normal ACHE gorge, respectively? Could the 
information obtained offer any concepts for 
improving spatial-temporal resolution or orientation 
to the MEG and EEG field? We thought in order to 
solve these questions, first we need to choose the 
biomimetic neuronal ACHE gorge, because it has the 
capability to closely mimic the nature of the brain 
compared with other types of devices. We believe the 
human brain is a far more sophisticated 
memristor/memcapacitor that is capable to learn, to 
store memory and has function of cognition.  

Memristors and Memcapacitors are devices made 
of nanolayers that have the capability to mimic 
neuronal synapse with a characteristic of hysteresis 
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loop in the i-V curve [43-47]. However, most of the 
memristors and the memcapacitors are made of metal 
oxide materials [41-48], that make mimicking the 
ACHE gorge’s function more difficult. Our group 
reported the first mutated ACHE gorge memristors 
and memcapacitors having disturbed circular current 
with toroidal movement forming a 
nonferroelectromagnetic field with orders of 
magnitude enhancement of electric charge over 
various phases from 45 to 3150 [42]. Our hypothesis 
will confirm: if a cancer interacts, i.e., 
biocommunicates with the mutated ACHE gorge, it 
would have an abnormal spatial-temporal orientation 
compared with that it interacts with a normal ACHE 
gorge device. Therefore, our approaches are to use 
the bio-communication between the cancers with a 
mutated ACHE gorge, to see the movements’ 
changes in the electric potentials of DET peak, cross-
point, and their changes upon the frequency changes, 
and the results will be compared with that of the 
normal ACHE gorge under a non spontaneous mode; 
once the results turned to be good as we expected, 
then switching to a spontaneous mode will be at ease.  

Therefore, our method is based on the single 
brain cancer cell interacts with the “host brain”- the 
biomimetic neuronal sensor, without a third party 
involvement, under the influence of an electric field 
with appropriate frequencies that are naturally occur 
to biological species.  
 
 

2. Experimental 
 
2.1. Fabrication of the Nanostructure Self-

Assembling Membrane (SAM) Gold 
Memristor Chip  

 
The nanostructured biomimetic “Mutated ACHE 

Active Gorge” memrisor with the vertical bridged 
conformational/nanopore was freshly prepared and 
fabricated on gold chip according to the procedures 
published in the literature [28]. Polyethylene glycol 
diglycidyl ether (PEG), triacetyl-ß-cyclodextrin  
(T-CD), poly(4-vinylpyridine) (PVP) were purchased 
from Sigma. PVP was purified before use. The mono 
imidazolyl derivative dimethyl ß-cyclodextrin  
(mM-ß-DMCD) was generally synthesized according 
to the published procedures [28]. The appropriate 
amount of solutions of individual polymer and 
reagents were prepared [28]. The mixture solution 
was made up by mM-ß-DMCD, T-CD, PEG and 
PVP, and the formed membrane will be mimicking 
the ACHE gorge with a knockout hydrophobic lining 
function, called “Mutated ACHE Gorge”. This 
memristor was used as Sensor 2. The “Healthy” or 
“Normal Active ACHE Gorge” memrisor with the 
flat bridged conformation/nanopore was freshly 
prepared by adding appropriate amount  
of o-nitrophenyl acetate (o-NPA) into the above 
described mixture solution used for fabricating the 
vertical bridged memristor as Sensor 1 according to 
the literature [28].  

2.2. Engineering the Memristors 
 

The morphology of the AU/SAM was 
characterized using an Atomic Force Microscope 
(AFM) (model Multimode 8 ScanAsyst, Bruker, PA). 
Data Collected in PeakForce Tapping Mode. Probes 
used were ScanAsyst-air probes (Bruker, PA) and the 
nanostructured SAMs were published in literature 
[28]. The key structural difference between the 
chemical synapse and electric synapse is the 
difference between the synapse gap, and the electric 
synapse is one tenth of that of chemical synapse [49]. 
Hence we engineered the two models: one represents 
the “Normal ACHE Gorge” neuron as Sensor 1 
shown in Fig. 1A, and another is the “Mutated 
ACHE gorge” neuron as Sensor 2 as shown in 
Fig. 1B and the nanostuctures were confirmed and 
characterized by AFM [28].   
 
 
2.3. Memristor i-V Curves 
 

Memristor’s characteristic i-V curves were 
studied using a cyclic voltammetry method (CV) 
method in room temperature in a cell culture media 
only with a fixed scan rate for each curve. The scan 
frequency was changed among the 7-8 curves 
covered a wide range between 10 - 300 Hz.  

 
 

2.4. Glioblastoma Brain Cancer Cells  
 

The glioblastoma brain cancer cells samples are 
human neuro blastoma line SNB-19 as shown in 
Fig. 3 (right). The cell cultures are held in a base 
growing medium of DMEM (Dulbecco/Vogt 
Modified Eagle’s minimal essential Medium – a 
common growth culture medium used for human  
cell incubation) (Invitrogen, CA infused with a 10 % 
concentration of FBS (fetal bovine serum), 10 mM 
HEPES, 100 units/mL penicillin/Streptomycin and 
2 mM L-glutamine. It was kept in a normal 
atmosphere at a temperature of 37.0 ºC with 10 % 
CO2 and humidified air. The cancer cells in the 
DMEM media were incubated for 24 hrs. Before test 
the cancer cells, dilution procedures were conducted. 
 
 
2.5. The Circular Current (CC) 
 

Circular current was identified through the 
change of the scan frequency after each finished 
circle of CV curves. From the CV profiles results 
constructed a 3D contour mapping between the 
locations of Direct Electron Transfer peaks in mV 
(Y), the switch point location in mV (X) and 
frequency in Hz (Z). After constructed the maps, the 
CC profiles can be seen. They served as the control 
maps against any changes made due to cancer calls 
enter the biomimetic neuron.  
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2.6. Mapping the Spatial-Temporal 
Orientation 

 
Cancer cells’ bio-communication with the 

“ACHE Gorge” network was identified and analyzed 
using the mapping methods that based on the fact of 
the cancer cells bring their own finger print locations 
to further influence the CC pathway in an ACHE 
gorge in the electromagnetic field at a spatial-
temporal orientation/resolution manner.  

1). The spatial-temporal orientations of the CC 
were presented as the 3D orientation of the cross-
point movement curve during changing frequency 
and the change of DET peak location in 
electrochemical potential compared with and without 
cancer cells among the two sensors;  

2). The spatial-temporal orientations/resolution 
results also are presented as the light images by 
comparing the image’s light field increase or 
decrease upon a cancer interacts with the “host brain” 
in the electric field;  

3). Upon changing concentrations of brain cancer 
cells, who interact with the host brain- the sensor, a 
dynamic movement of the cancer due to its 
communication with the sensor membrane, 
influences the intensity of the light image of the 
membrane ACHE gorge’s baseline, so is to the 
changes of contour map’s color intensity, shape and 
movement, can be seen. Origin 9.0 software was 
used for statistic analysis, mapping and image.  

 
 

2.7. Data Acquisition and Measurements 
 

A voltammetric analyzer (Epsilon, BASi, IN) was 
used for the electrochemical measurements. The 
equipment associated software package was used for 
data acquisition and measurements. All 
electrochemical measurements were conducted in an 
unstirred cell at 20°C. The AU/SAM chip was the 
working electrode, Pt was the auxiliary electrode and 
Ag/AgCl was the reference electrode. Due to the 
volume restriction of using cancer cells, the reference 
and the auxiliary electrodes are pure gold. 

 
 

3. Results and Discussions 
 
3.1. Engineering the Memristors 
 

We believe the human brain likes a special type 
of memristor or memcapacitor of device that is 
privileged and able to conduct complex learning and 
memory through chemical synapse and electric 
synapse of networking or oscillations. The key 
structural difference between the two is the synapse 
gap. For electric synapse is one tenth of that of 
chemical synapse [49]. Fig. 1(a) illustrates the 3D 
artificial neocortex-hippocampus memristor design 
blocks as the neurons of Sensor 1. Greens represent 
the top and bottom layer covered with conductive 

polymers; The oranges represent the inner “ACHE 
Gorge” neuronal axons in narrow cylinders 
connected through the neuronal terminals and 
dendrites as truncated donuts in a compact flat 
metrics; Fig. 1(b) illustrates the 3D artificial 
memristor neuron design blocks for the “Mutated 
ACHE Gorge” Sensor 2. The blue, purple and 
browns represented the connections are partially 
alignment with each other, that formed a stairway 
type of molecular architecture. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 1 (a). 3D artificial neocortex-hippocampus memristor 
design blocks as the neurons of Sensor 1. Greens represent 
the top and bottom layer covered with conductive olymers; 
The oranges represent the inner “ACHE Gorge” neuronal 
axons in narrow cylinders connected through the neuronal 
terminals and dendrites as truncated donuts in a compact 
flat metrics; (b). 3D artificial memristor neuron design 
blocks of “Mutated ACHE Gorge” Sensor 2. The blue, 
purple and browns represented the connections are partially 
alignment with each other, that formed a stairway type of 
molecular architecture. 
 
 
3.2. The Memristor i-V Curves 
 

Fig. 2(a) and Fig. 2(b) are the CV profiles for 
Sensor 1 and Sensor 2. Cross-point is a usual 
characteristic in a hysteresis loop; they are presented 
in both panels of plots. Sensor 2 has the most 
drastically movements of cross-point from the origin 
than that of Sensor 1. DET 2 refers to the direct 
electron transfer peak through the electro-relay chain 
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of the function groups in the gorge under taken 
electrochemical reduction, and the DET 1 refers to 
the oxidation undertaken. Fig. 2(a) and Fig. 2(b) 
illustrate the memristors’ i-V profiles for Sensor 1 
and Sensor 2, respectively. As we can see, most 
cross-points moved drastically in Sensor 2 from the 
origin than Sensor 1.  
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Fig. 2. CV profiles of Sensor 1 (a) and Sensor 2 (b) at 
different frequencies in cell culture solution at room 

temperature. Cross-point and DET peaks are given the 
labels in a curve as an example. 

 
 

Fig. 3(a) and Fig. 3(b) present the 2D spatial and 
temporal relationship for cross-points, DET peak 1 
and 2, respectively. The dynamic movements of the 
cross-points and the DET peaks under the influence 
of frequency are seen. About 14 % data points are 
located in both high frequency (>150 Hz) and 
positive potential (> 20 mV) for Sensor 1 compared 
43 % for Sensor 2, that indicated the current flow in 
the narrow cylinder of the ACHE gorge was 
abnormal for Sensor 2, or the inner lining  
of the gorge was disturbed. Further study has 

confirmed our hypothesis by using a circular current 
mapping method.   
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Fig. 3. Plots between peak cross-point frequency location 
and applied potential for normal neuron Sensor 1 as shown 
in (a) and a “mutated neuron” Sensor 2 as shown in (b). 
The cross-point: black square; DET peak 2: red circle; and 
DET peak 1: triangle based on the data obtained in Fig. 2. 

 
 

3.3. The Circular Current (CC) 
 

Identification of the circular current existing in 
the artificial ACHE gorge neuron through two 
steppes:  

1). Building contour maps of cross-point (mV) as 
X and DET peak location (mV) as Y against 
frequency (Hz) as Z in order to see the relationships 
of the spatial and temporal orientations of the CC.  

2). Constructing of 3D cross-point movement, 
one can visualize the cross-point dynamic behavior 
under the electromagnetic field influence. Fig. 4(a) 
and Fig. 4(b) illustrate the contour maps for DET 
peak 2 and 1 of Sensor 1, respectively. The arrows 
refer to the directions of the first point as “1” of DET 
peak 2 (Fig. 4(a)) or DET peak 1 (Fig. 4(b)) 
associated to the cross-point location at the lowest 
frequency passes through point “2” to the higher 
frequency, then goes to the highest frequency at 
300 Hz at point #7. Fig. 5(a) and Fig. 5(b) illustrate 
the contour maps for DET peak 2 and 1 for Sensor 2, 
respectively. By comparing with these maps between 
Figs. 4(a) and 5(a), one can find the “normal ACHE 
neuron” has a magnitude higher red color intensity 
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over 240-300 Hz associated with DET-2 from 0 to  
-300 mV with cross-point location range from 200 to 
450 mV, while the event was balanced or supported 
by a deep blue color contour map over 20 to 60 Hz 
with a clockwise pathway associated with DET-2 
from 0 to -450 mV with cross-point location range  
from -200 to -350 mV again with a clockwise 
pathway; however, “mutated ACHE neuron” lacks of 
this balance and more points located in the center red 
“eye” having the area of the contour circle over  
100 to 300 Hz occupied 90 % of the image area 
having the green color area over 100 to 210 Hz 
closely surrounding the red color eye with very small 
degree of blue color balance, that was located at DET 
peak-2 of -450 mV near cross-point at -700 mV.  
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Fig. 4. Contour maps for DET peak 2 and 1 of Sensor 1, 
respectively. The arrows refer to the directions of the first 
point as “1” of DET peak 2 (a) or DET peak 1 (b) 
associated to the cross-point location at the lowest 
frequency pass through point “2” to the higher frequency, 
then to the highest frequency at 300 Hz at point #7. 

 
 

The Fig. 4(a) has 2 clockwise path circles as 
labeled in the map, while Fig. 5(a) has 1 counter 
clockwise path moving circle. Comparing Figs. 4(b) 
and 5(b), similar trend for the red color strength was 

observed for the normal neuron located by the DET 
peak 1 cover 50 to 450 mV with cross-points location 
cover 150 to 500 mV; while “mutated neuron” with 
the red center “eye” closely located on 0 mV of DET 
peak-1 and 0 mV of cross-point near 0.2-4 Hz, that is 
Delta frequency happened in neocortex neuron; the 
almost same orientation is for the red center eye in 
Fig. 5(a), indicates “mutated neuron” has high 
probability causing high frequency (250 – 600 Hz, 
Sharpe Wave Ripple (SPW-R), happened in the 
hippocampus of the brain)) synchronizing around the 
origin of hysteresis curve at 0.0 mV and near zero 
current than that of the normal neuron having the 
“red center eye” and the “blue center eye” far away 
from this point. It is realized that the “protection 
lining” of the mutated neuron was broken [28], that 
may cause this unwanted event happening that may 
lead to epilepsy. Literature is reported in the field of 
epilepsy everywhere [50-52].  

 
 

-600 -400 -200 0 200 400

-400

-300

-200

-100

0

100

200

300

400

Cross- Point Spatial Location (mV)

  Spatial-temperal map of  a "Mutated ACHE Gorge" neuron  in response 
to frequncy change as aproduct of DET peak and cross-point location
 in  cell culture media

D
ET

 P
ea

k-
2 

Sp
at

ia
l L

oc
at

io
n 

(m
V)

0
15.0
30.0
45.0
60.0
75.0
90.0
105
120
135
150
165
180
195
210
225
240
255
270
285
300

Frequency
 (Hz)

1

2

3
4

5
6

7

A

 

(a) 
 

-600 -400 -200 0 200 400
-500

-400

-300

-200

-100

0

B

  Spatial-temperal map of  a "Mutated ACHE Gorge" neuron  in response 
to frequncy change as aproduct of DET peak and cross-point location
 in  cell culture media

Cross- Point Spatial Location (mV)

D
ET

 P
ea

k-
1 

Sp
at

ia
l L

oc
at

io
n 

(m
V)

0
15.0
30.0
45.0
60.0
75.0
90.0
105
120
135
150
165
180
195
210
225
240
255
270
285
300

Frequency
(Hz)

1

2
3

4
56

7

 
 

(b) 
 

Fig. 5. Contour maps for DET peak 2 (A) and DET peak 1 
(B) of Sensor 2, respectively. The arrows refer to the 
directions of the first point as “1” of DET peak 2 (a) or 
DET peak 1 (b) associated to the cross-point location at the 
lowest frequency pass through point “2” to the higher 
frequency, then to the highest frequency at 300 Hz  
at point #7. 
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3.4. Spatial-Temporal Dynamic Orientation 
of the 3D Maps  

 

3.4.1. The Control 3D Maps 
 

After the normal and abnormal CC were 
identified by Section 3.3, then constructing of the 3D 
dynamic maps of the two types of “host neurons” are 
presented in Fig. 6 (a) and Fig. 6 (b) (normal neuron 
Sensor 1), Fig. 7 (a) and Fig. 7 (b) for abnormal 
neuronal sensors for detection and monitoring of 
brain cancer served as controls in cell culture media 
without cancer, respectively.  
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Fig. 6. 3D dynamic maps served as controls for the normal 
neuronal Sensor 1. (a) is for DET peak-2 as Y, cross-point 
location as X, and frequency as Z; (b) is same except the Y 

is  for DET peak-1. Numerical labels are the same 
explanation addressed in Section 3.3. 

 
 

The “normal host neuron” sensors have flat 
surface pathway 3D maps as shown in Fig. 6(a) and 
Fig. 6(b). The CC dynamic surfaces in the blue area 
formed about 450 angles against the XY surface 

further confirmed the CC was balanced and the 
electromagnetic field strength can be calculated [40, 
42]. In contrast, Fig. 7 (a) and Fig. 7 (b) represented 
for the “Mutated Host Neuron” Sensor 2 having 
vertical orientated Z in 3D maps touched down to the 
XY surface in 900 angle for Fig. 7 (a) with the path in 
helix rolling counter clockwise from low frequency 
to high frequency, like gold paramount, and  
Fig. 7 (b) has also a helix rolling counter clockwise 
path way with the vertical orientation too. These 
orientations may bring unwanted destructive forces.  
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Fig. 7. 3D dynamic maps for controls for the “Abnormal 

Host Neuron” Sensor 2. (a) is for DET peak-2 as Y, cross-
point location as X, and frequency as Z; (b) is same except 

the Y is for DET peak-1. Numerical labels are the same 
explanation addressed in Section 3.3. 

 
 

3.5. The Spatial-Temporal Orientation in 
Images of Brain Cancer Cells  

 

3.5.1. Sensitivity of a Normal Neuronal 
Sensor 1 Interacts with Brain Cancer 
Cells 
 

Sensitivity of the “normal neuron” Sensor 1 was 
assessed by using the method for the image 
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comparisons based upon the contour data obtained 
between the control that was without the cancer and 
the contour map data with cancer as shown from  
Fig. 8(a), 8(c), 8(d), 8(e) and 8(f) for the DET-2 
reduction peak’s location as y axis. Fig. 8(a) is the 
control image without cancer, its light shines over the 
87 % of the image area. Fig. 8(b) illustrates the 
contour map after 1 cell/mL brain cancer interacted 
with the Sensor 1 with an image of the cancer 
interacted with the host neuron as a round blue color 
compared with the control contour map in Fig. 4(a). 
Fig. 8(c) shows the 1 live brain cancer cell’s image 
as a dark circle appeared in the same location, hence 

the cancer cell darkens the sensor’s light image, the 
same situation was observed for the 5 cancer cells as 
shown in Fig. 8(d), and the darkened area was larger 
than Fig. 8(c). In Fig. 8(e) illustrates the movement  
of the 50 brain cancer cells for metastasizing to a 
more negative potential field, showing on the image 
was a half circle. Fig. 8(f) is a control image with  
85-88 % light illuminates the entire image area, it 
indicates a normal brain neuron possesses higher 
power compared with the mutated neuron Sensor 2 
who’s control contours in Fig. 5(a) and 5(b), only 
one tenth of the normal brain’s light strength.    
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Fig. 8. “Normal Neuron” Sensor 1 images with and without living brain cancers. (a) and (f) are the control images for DET-2 
and DET-1, the Y is the DET location (mV), and the X is the cross-point location (mV), the light represents the highest 
“Center Red Eye” at the highest frequency (Hz) as Z, respectively. (b) is the contour map showing the normal Sensor 1 
responses to 1 cell/mL brain cancer interacting with the ACHE gorge, the cancer cell can be seen in blue round contour. (c) 
is (b)’s light image after the cancer interacts with the “host neuron”. The dark circle is the cancer’s image.  
(d) is the image of 5 brain cancer cells. (e) is the 50 brain cancer cell image with the dark half circle; the arrow shows the 
cancer cell metastasis’ location. 
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3.5.2. Sensitivity of an “Abnormal Neuronal 
Sensor 2 Interacts with the Brain 
Cancer Cells  

 

3.5.2.1. “Mutated Neuron” Sensor 2 Images  
 

Sensitivity of the “mutated neuron” Sensor 2 was 
assessed by the same 3D image comparison  
method against the control without cancer at  

ƒ(Cross-point-700..400 mV, DET-2-450..400 mV, Hz10..300 Hz). 
From Fig. 9(a) to Fig. 9(g), the figures illustrate the 
“Abnormal Neuron” Sensor 2’s images with and 
without living brain cancers. Fig. 9(a) is the control 
image for DET-2. Fig 9(b) is the contour map 
showing Sensor 2 responses to 1 cell/mL brain cancer 
when it interacts with the neuron’s ACHE gorge, the 
cancer cell can be seen in a small blue round contour. 
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Fig. 9 (a-e). “Mutated Neuron” Sensor 2 images with and without living brain cancers. (a) is the control image for DET-
2, the Y is the DET location (mV), and the X is the cross-point location (mV), the light represents the highest “Center 
Red Eye” at the highest frequency (Hz) as Z. (b) is the contour map showing the mutated neuron Sensor 2 responses to 1 
cell/mL brain cancer intruding into the ACHE gorge, the cancer cell can be seen in blue round contour. (c) is the light 
image with 1 cancer with the small dark circle cancer image. (d) is the contour map of 5 brain cancer cells with direction 
for metastasis. (e) is the corresponding light image of (d), one can see the dark spot. (f) is the image of 50 brain cancer 
cells metastasized out of the sight.(g) is the 3D dynamic map of 1 brain cancer cell, it changed the CC flow direction from 
counter clockwise to clockwise compared with Fig. 7(a). 
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Fig. 9. (Continued) “Mutated Neuron” Sensor 2 images with and without living brain cancers. (a) is the control image for 
DET-2, the Y is the DET location (mV), and the X is the cross-point location (mV), the light represents the highest “Center 
Red Eye” at the highest frequency (Hz) as Z. (b) is the contour map showing the mutated neuron Sensor 2 responses  
to 1 cell/mL brain cancer intruding into the ACHE gorge, the cancer cell can be seen in blue round contour. (c) is the light 
image with 1 cancer with the small dark circle cancer image. (d) is the contour map of 5 brain cancer cells with direction for 
metastasis.(e) is the corresponding light image of (d), one can see the dark spot. (f) is the image of 50 brain cancer cells 
metastasized out of the sight.(g) is the 3D dynamic map of 1 brain cancer cell, it changed the CC flow direction from counter 
clockwise to clockwise compared with Fig. 7 (a). 

 
 

Fig. 9(c) is the image of 1 cancer cell with the 
small dark black circle and the overall light of the 
image field was reduced significantly  
by 20-30 % compared with the control in Fig. 9(a). 
Fig. 9(d) is the contour map of 5 brain cancer cells 
with direction for metastases. Fig. 9(e) is the 
corresponding light image of Fig. 9(d), one can see 
the dark spot of the cancer. Fig. 9(f) is the image of 
50 brain cancer cells metastasized out of the sight. 
Fig. 9(g) is the 3D dynamic map of 1 brain cancer 
cell interacts with the sensor membrane; it changed 
the CC flow direction from counter  
clockwise to clockwise compare with Fig. 7(a). 
Similar trends of the sensitivity of Sensor 2 at  
ƒ(Cross-point-700 to 400 mV, DET-1570 to 754 mV, Hz10 to 300 Hz) 
were observed (data were not shown).  

The single brain cancer cell turned the synapse 
pathway due to the CC event from a counter 
clockwise to a clockwise helix movement fashion 
was shown in Fig. 9(g) from low Hz to high 300 Hz.  

 
 

4. Conclusions 
 

Our results demonstrated the normal biomimetic 
neuronal nanostructured memrisor/memcapacitor 
Sensor 1 is able to sensitively bio-communicate with 
the brain cancer cells compared with that of the 
mutated biomimetic neuron Sensor 2. The spatial-
temporal orientation of the dynamic interaction maps 
with and without cancer were presented and 
compared in great details regarding how the cancer 
broken the direct electron-relay circular current, how 
it changed the brain circuitry structure and changed 
it’s direction without using tracers and antibody. Our 
results show the neuronal Sensor 2 without a 
hydrophobic lining suffered more damage by the 
brain cancers than that of Sensor 1. The cancer’s 

behaviors toward the neuronal sensors were defined 
in spatial-temporal fine resolution/orientation in 
single cancer concentration and the direction of the 
synapse network signaling pathway and the trajectory 
of cancer interaction were identified and measured 
using the new biomimetic neuronal sensors and the 
mapping technology. In considering of the single 
adult soma neuron cell is almost 4 million-folds 
larger in volume than our sensors that indicate our 
biomimetic sensing and mapping technology may 
have wide applications in the future.  
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Abstract: This paper presents a novel device for pumping a column of liquid in a microchannel integrated on a 
digital microfluidic (DMF) platform. The electrowetting on dielectric (EWOD) method is used to frequently 
actuate a droplet (referred to as the piston droplet) on an array of electrodes. A column of liquid (referred to as 
the pumped droplet) is pumped in a microfluidic channel by the pressure coming from actuation of the piston 
droplet. A signal modulation technique is developed and used in order to control the flow rate of the liquid 
column in the microchannel. Different flow rates of the pumped liquid are achieved by controlling the actuation 
time of the signal used for moving the piston droplet. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Digital microfluidics (DMF), Droplet manipulation, Electrowetting on dielectric (EWOD),  
SU8-based microchannel, 3D-printed microchannel, Micropump. 
 
 
 
1. Introduction 

 

Recent efforts have focused on replacing the 
conventional macro-systems with lab-on-chip (LOC) 
systems to enhance transport, reaction and 
manipulation of different fluid samples [1]. The first 
generations of LOC systems include microchannels 
for flowing fluid [2]. These systems referred to as 
continuous microfluidics require peripheral devices 
such as micropumps and microvales. Continuous 
microfluidics is a well-established platform used to 
process and analysis biofluids in different 
applications [3]. Over the past decades, a variety of 
detection methods have also been developed and 
integrated into continuous microfluidic  
platforms [4-6]. Despite the general success of these 
platforms, it is required to use external elements and 
moving parts to manipulate the fluids in 
microchannels. This can hinder portability and 

integrability of the continuous platforms for  
in-field applications.  

Digital microfluidics (DMF), a relatively new 
type of microfluidic systems working based on 
manipulation of individual droplets on planar 
electrode arrays, has been used to perform different 
fluidic operation in micron scales [7-8]. For its 
unique advantages (including the reduced sample 
size, rapid analysis, ease of fabrication, portability, 
and low cost [7-9]), DMF has shown a great potential 
to perform conventional bio-chemical laboratory 
operations ranging from DNA purification to cell 
culture and single cell analysis [10].  

To take advantage of the features of both 
platforms, the integration of continuous and DMF 
systems has attracted attentions [7-9]. This paper 
presents a novel technique to manipulate a column of 
liquid in microchannels on a DMF platform. For this 
purpose, an array of electrodes is fabricated on a 
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glass substrate covered with dielectric and 
hydrophobic layers. To integrate a microchannel on 
the DMF platform, two different techniques has  
been used:  

i) Two thin walls of SU8 are fabricated on two 
sides of electrodes and a top plate is mounted on top 
of the SU8 walls [11], and  

ii) A 3D printed microchannel is integrated with 
the top and bottom plates of the DMF platform (all 
three parts are held together by the clamping force). 
An array of electrodes is used to actuate a droplet in 
the microchannel. It is shown that the fabricated 
device is capable of pumping a column of liquid in 
the microchannel. In essence, a target droplet 
(referred to as the pumped droplet) is pumped by 
actuating the secondary droplet (referred to as the 
piston droplet) in a microfluidic channel using the 
electrowetting on dielectric (EWOD) method. To 
control the flow rate of the liquid column in the 
microchannel, a signal modulation technique is 
developed and utilized. Different flow rates of the 
pumped liquid are achieved by controlling the 
actuation signal of the piston droplet. 

 
 

2. Experimental Setup 
 
The schematic diagram of the experimental setup 

is depicted in Fig. 1a. A signal generator is used to 
create an AC square wave signal. A voltage amplifier 
is used to amplify the output of the signal generator. 
The high voltage signal from the amplifier output is 
then sent to an interface circuit designed to switch 
the signal on and off by the operator. The modulated 
high-voltage output signal from the interface circuit 
is used to drive the DMF platform. The details of the 
interface circuit are shown in Fig. 1b. 
 
 
3. Fabrication Process 
 

Integration of a microchannel on a DMF platform 
is achieved by two different methods. In the first 
method, a series of electrodes on a copper-coated 
glass substrate is patterned using the S1805 positive 
photoresist and the standard photolithography 
technique (see Fig. 2). Each of electrodes has a 
surface area of 1.5 mm×1.5 mm. To create the 
sidewalls of the channel, the SU8 negative 
photoresist is spin-coated on the chip, and then the 
mask with a straight-channel pattern is aligned on the 
chip and exposed to the UV light. The process is 
followed by developing the SU8 layer in the 
developer solution. The S1813 positive photoresist is 
spun on the chip as a dielectric layer. An ITO glass is 
used as the top plate. To make the device 
hydrophobic, both bottom and top plates are coated 
by a thin layer of Teflon. The top plate is utilized for 
sealing the channel and providing the ground 
electrode for the DMF electrodes. The channel height 
using this method is around 100 μm. 

DMF deviceAmplifier Interface 
Circuit 
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High speed 
camera 

 
 

Microcontroller

Δx 
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Fig. 1. a) Schematic of the experimental setup, and b) the 
interface circuit designed for modulation of the applied  

AC signal and integration into the DMF platform. 
 
 

 
 

Fig. 2. Fabrication process and integration of a SU8-based 
microchannel on a DMF platform. 
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To create a microchannel with a larger depth, 
another method of fabrication is introduced using a 
3D-printed frame. The thickness of the frame (i.e. the 
gap size between the bottom and top plates) is 
200 μm, and the channel width is considered to be 
equal to the width of the fabricated DMF electrodes 
(1.5 mm). The frame is designed in a way to hold the 
bottom and top plates in a desired position. The 
schematic of the 3D-printed frame and its final 
integration with the top and bottom plates are shown 
in Fig. 3 (a) and Fig. 3 (b), respectively. Since the  
3D-printed frame deforms in the temperature above 
60 oC, it was not possible to make it hydrophobic 
using Teflon coating. Thus, the microchannel was 
treated by the NeverWetTM Repelling spray (from 
Rust-Oleum) to reduce droplet adhesion to the  
3-D printed frame. 

 
 

 

Clamps 

Top plate 

Bottom plate 
3D printed frame 

(b) 

Bottom plate 

DMF electrodes 

Top plate 

Mirochannel 

3D printed frame 

(a) 

 
 

Fig. 3. (a) Schematic of the 3D-printed frame, and (b) 3D-
printed microchannel integrated with the top and bottom 
plates. The clamps are applied to the assembly to squeeze 

the droplet between the bottom plate and top plates. 
 
 

4. Experimental Procedure 
 

For all the experiments, two deionized (DI) water 
droplets with the distance of 5 mm are dispensed on 
the array of electrodes on the bottom plate. The top 
plate is placed on the top of the droplets over either 
the pair of the SU8 sidewalls or the 3D-printed 
frame. The volume of the piston droplet used for the 
experiments is 0.45 μL. The pumped liquid volume 
is chosen as 0.65 μL. Silicon oil is used as the filler 
medium to reduce friction and improve sealing of the 

channel. The pumped droplet is actuated with the 
signal coming from the designed interface circuit 
(Fig. 1 (b)). In essence, the actuation signal of the 
piston droplet is precisely controlled to create the 
desired transport rate for the pumped droplet. As it is 
shown in Fig. 1, the signal coming from the amplifier 
output is an AC square wave. Using the interface 
circuit, this signal is frequently switched on and off 
for periods of ton and toff, respectively. The interface 
circuit output AC signal is applied to the electrode 
beneath the piston droplet. This way, the droplet is 
manipulated for the controlled period of time (ton).  
 
 
5. Theory 

 
A theoretical model is developed to calculate the 

pressure generated in the microchannel by the piston 
droplet. The equivalent electrical circuit for droplet 
actuation by electrowetting on dielectric (EWOD) is 
shown in Fig. 4. Here, CL and RL are the capacitance 
and the resistance of the piston droplet, respectively. 
CO and CD are the capacitance of the oil on the 
energized electrode and the capacitance of the 
dielectric layer, respectively. 
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Fig. 4. (a) A schematic of the equivalent electrical circuit 
that models the droplet actuation mechanism based on the 

electrowetting-on-dielectric (EWOD) technique, 
(b) droplet actuation on copper electrodes (top view). 

 
 

The total impedance of the system can be 
calculated as 
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D
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+ +

, 

(1) 

 
where ω  is the frequency of the applied field, 
and 1i = − . The capacitance and resistance values 

can be found based on physical and geometrical 
characteristics of the droplet and the DMF system. 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 84-89 

 87

( )

2

0

0 D
D

0

ε ε

ε ε
 

ε ε

L

L

o

L

o

A w

d
R

A
w x

C
d

A
C

t
A w x

C
d

ρ
=

⋅

⋅

⋅

⋅

=

−

=

⋅

=

=

 

(2) 

 
In the above relations, p, d and w are the 

electrical resistivity of the droplet, the gap between 
the bottom and top plates (i.e., the height of the 
microchannel), and the width of the electrode (or the 
width of the microchannel), respectively. εL, εD, and 
εO are the relative permittivity of the liquid droplet, 
the dielectric layer, and oil medium, respectively. 
Here, x  represents the length of the portion of the 
energized electrode covered with the droplet  
(see Fig. 4(b)).  

In this study, the DI water droplet used as the 
piston droplet has the resistivity value of 
approximately 11 M .cmΩ . Therefore, the resistance 
of the piston droplet can be assumed very large, and 
hence Equation (1) can be simplified to 

 
1

eq
eq

Z
i Cω

= , (3) 

 
where Ceq is the equivalent capacitance of the system 
and can be written as 
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By considering Equation (2), the equivalent 

capacitance of the system will be 
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The energy that is stored in the system based on 

the equivalent capacitance of the system can be 
calculated as 

 

21

2 eq rmsE C V= ⋅  (6) 

 
Therefore, the derivative of the energy of the 

system with respect to the position of the  
droplet on the actuated electrode presents the 
electrowetting force that drives the piston droplet 
(see Equation (7)). 
 

21

2
eq

electrowetting rms

dCdE
F V

dx dx
= =  (7) 

Fig. 5 presents the energy stored in the system 
and the electrowetting (presented as the slope of the 
line fitted to the results) calculated based on  
Equation (7) for both cases of the SU8-based and  
3D-printed microchannels. It is found that the energy 
stored in the system is linearly proportional to the 
position of the droplet on the actuated electrode, and 
the electrowetting force applied on the piston droplet 
( /dE dx ) is equal to 70 μN for the 100-μm-high SU8 
microchannel and 50 μN for 200-μm-high 3D-
printed microchannel. The pressure generated in the 
microchannel by the piston droplet can be found by 
dividing the electrowetting force by the cross 
sectional area of the channel (d×w, where d and w 
present the height and width of the channel, 
respectively). The pressure caused by actuating the 
pumped droplet is estimated to be 467 Pa for the  
100-μm-high SU8-based microchannel and 166.7 Pa 
for the 200-μm-high 3D-printed microchannel. 

 
 

E 
(J)

 

x (m) 

SU8
3D-printed

 
 

Fig. 5. The red circle and the blue square symbols show the 
energy stored in the system calculated from Equation (7) 
for the SU8-based and the 3D-printed microchannels, 
respectively. The slopes of the black solid lines fitted by 
linear regression to each set of data present the 
electrowetting forces. 
 
 
6. Results and Discussion 

 
The pumping technique presented is tested 

experimentally. An AC square wave signal with the 
frequency of 1f kHz=  and amplitude in the range of 

100-200
P PV −  is applied for manipulation of the 

piston droplet on the array of the copper electrodes. 
Fig. 6 presents the schematic of the setup and the 
procedure followed for turning the electrodes on and 
off to actuate the droplet back and forth in the 
microchannel. It is observed that the shape of the 
pumped droplet during pumping does not change. 
Thus, the velocity profile of the pumped liquid can 
be assumed as a plug-flow velocity profile.  

Fig. 7 presents the displacement of the pumped 
droplet as a function of the applied voltage. In 
essence, an increase in the actuation voltage 
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amplifies the displacement of the droplet. However, 
after a certain voltage value (150 volts ) the 
displacement of the pumped liquid becomes 
independent of the voltage and just dependent on the 
actuation period of the actuation signal (ton)  
(see Fig. 7). Using the described signal modulation 
technique, ton can be precisely controlled. This way, 
the power consumption of the entire system 
decreases dramatically, as the actuation signal is only 
applied for a short period (it is turned off using the 
designed interface circuit for a long time (toff) 
compared to the turned-on period (ton)). 
 
 

Pumped droplet

Glass substrate (bottom plate)

(a) Copper electrodes

ITO glass (top plate) 

Piston droplet

SU8 channel walls

(b) 

Target droplet
Off OffOff 

Piston droplet  

Pumping forward 

OnOn Off 

Pumping backward 

On On Off Off

Off 

Off 

Electrical connection pins 

 
 

Fig. 6. (a) Schematic of the fabricated device, 
(b) pumping a droplet back and forth in a microchannel 

integrated on a DMF platform. 
 
 

By applying the on/off signal frequently, the 
piston droplet is manipulated with nearly a constant 
velocity in the channel. As a result, the pumped 
droplet is driven in the channel with the same 
velocity as that of the piston droplet. The average 
velocity of the pumped droplet is shown in Fig. 8 for 
three different cases in the SU8 microchannel design.  

Different flow rates of the pumped liquid can be 
achieved by precisely controlling ton of the applied 
voltage (the flow rate is equal to the cross sectional 
area of the microchannel multiply by the average 
velocity presented in Fig. 8). Due to the fact that the 

velocity profile of the liquid after the pumped droplet 
is uniform (which means the plug flow is observed), 
the flow rate of the liquid after the pumped droplet is 
directly proportional to the pumped droplet velocity. 
As a result, a controlled flow rate of the liquid in the 
channel is achieved by the presented technique. 
Although the displacement of the liquid is dependent 
on the gap size ( d ), it is also possible to change the 
average flow rate of the fluid in the microchannel by 
changing toff and keeping ton constant (which means 
that similar scenario can be used for the 3D-printed 
design to create desired pumping flow rates). 

 
 

 
 

Fig. 7. Droplet average displacement vs. the voltage 
amplitude (Vpp). Three different ton were tested  

(shown with different symbols) for two different 
microchannel designs: SU8-based (red lines)  
and 3D-printed (blue lines) microchannels. 
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Fig. 8. The position of the pumped liquid using the pulse 
modulation technique. 

 
 

7. Conclusions 
 
Manipulation of a column of liquid in a 

microchannel integrated on a DMF platform is 
achieved using two different methods of fabrication 
of the microchannel. A target droplet is pumped into 
the microchannel using the moving force of a 
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secondary droplet, which is actuated using EWOD on 
an array of electrodes. It is observed that the shape of 
the pumped droplet during pumping does not change 
which suggests that the velocity profile of the 
pumped liquid be a plug-flow. A signal modulation 
technique is developed and used in order to control 
the flow rate of the liquid column in the 
microchannel and to lower the power consumption of 
the microfluidic system. Different flow rates of the 
pumped liquid are created by precisely controlling 
the actuation time (ton) of the signal used for 
actuation the piston droplet. 
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Abstract: High lamination in microchannel is one of the main challenges in Lab-On-a-Chip’s components like 
micro total analyzer systems and any miniaturization of fluid channels intensify the viscose effects. In chip-
scale, the electroosmotic flow is more efficient. Therefore, this study presents a MEMS-based low-voltage 
micropump for low-conductive biological samples and solutions, where twelve narrow miniaturized 
microchannels designed in one unit to efficiently using the electroosmotic effects which generated near the 
walls. Four microelectrodes are mounted in lateral sides of the microchannel and excited by low-voltage 
potential to generate pumping process inside the channel. We sweep the voltage amplitude and a linear variation 
of fluid velocity achieved by Finite-Element-Method (FEM) simulation. We obtain a net average velocity of 0.1 
mm/s; by applying 2 V and -2 V to the electrodes. Therefore, the proposed low-voltage design is able to 
pumping the low-conductive biofluids for conventional lab-on-a-chip applications. Copyright © 2014 IFSA 
Publishing, S. L. 
 
Keywords: Lab-On-a-Chip, MEMS-based micropump, Miniaturized narrow microchannel, Electroosmotic 
effect. 
 
 
 
1. Introduction 

 
Recently, advances in microfluidic devices have 

been employed in chemical and biological 
applications. Point of Care (POC) diagnosis and Lab-
On-a-Chip (LOC) devices are being used to precise 
control and manipulation of small scale volumes of 
fluids in micro channel [1-2]. They also integrate a 
number of microfluidic components, such as pumps, 
valves, separators, mixers, reactors and detection 
system inside a single chip. These devices offer the 
ability to smaller fluid volumes, biocompatibility, 
low cost and shorter analysis time in the range of 
several to a few tens of microns. Micro-scale turns 

the viscous effects into the dominate factors [2-3]. 
Micropump is one of the important components of 
the microfluidic for on chip analysis.  

Reducing the channel dimensions to the micron 
scale results in a laminar flow, characterized by low 
Reynolds number: 

 

Re
μ

ρ hdU
= , (1) 

 
where Re is the Reynolds number, ρ is the fluid mass 
density, U is the average net flow velocity, µ is the 
dynamic viscosity of the fluid and d is the hydraulic 
diameter of the micro channel [4]. A micro pump can 
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be applied in drug delivery systems [5], printer inkjet 
[6], electronic cooling systems [7] (VLSI systems, 
Laptops) and chromatography. Recently various 
electrokinetic micropumps have been proposed by 
researchers. Electrokinetic micropumps are popular 
because of their simplicity, low cost, simple 
fabrication, no need to the valves and integration 
beside the other microfluidic components such as 
micromixers, sensors and microseparators. As 
discussed in [8], the Electric Double Layer (EDL) is 
formed at the interface between solid walls and 
electrolytes. The solid surface becomes polarized and 
the counter ions coming from the bulk liquid shield 
this surface. In equilibrium state, the electrostatic 
attraction between the charged surface and the 
counter ions is balanced by thermal disturbing. The 
electrical double layer is divided into the Stern layer 
and Gouy-Chapman diffuse layer [8]. The Stern or 
inner layer is formed of ions absorbed onto the wall, 
while the ions of the Gouy-Chapman layer acts as 
diffuse layer. The separation plane between these two 
layers is called the shear plane and the potential at 
shear plane is zeta potential which it is function of 
pH [9]. The characteristic thickness of the Debye 
length λD is given by: 

 

σ
ελ D

D ≈ , (2) 

 
where the Debye length can be expressed in terms of 
the diffusion coefficient D; σ is the conductivity, and 
ε is the dielectric constant of the fluid [5]. A non-
uniform ac electric field inside the microchannel acts 
as ACEO force. The normal component of the 
electric field charges the electric double layer at the 
solid-electrolyte interface, while the tangential 
component of electric field produces a force on the 
induced charge in the diffuse layer and the fluid is set 
into motion, which will be discuss schematically in 
theory section. Nowadays, two-phase, three-phase 
and also four-phase electrode arrays have been 
employed in ACEO micropumps. 

Electrode arrays with 2-phase have simple 
fabrication process but small pumping velocity which 
occurs only at the specific frequency. In three-phase 
(3-phase) and four-phase (4-phase) electrode arrays 
flow direction can change easily by swapping phase 
between their electrodes. However, the electrode 
arrays with 3-phase and 4-phase require complicated 
fabrication due to bridging structures. Ajdari [10] 
demonstrated theoretically feasibility of creating an 
ACEO-induced pumping effect that uses asymmetric 
electrode arrays. Two major techniques have been 
used for driving microfluidic flows: using coplanar 
electrode arrays, such as asymmetric electrode pairs 
subjected to common ac signal [11], or electrode 
arrays with equal width subjected to a three or four 
phases traveling-wave potential [12]. García-Sánchez 
[13] demonstrated that the travelling-wave method is 
more efficient because of higher velocity can be 
achieved with low voltage. Experimental evidence 

has shown that increasing the voltage amplitude can 
cause higher pumping velocity in the planar electrode 
structures. However, by increasing voltage beyond a 
certain critical value, undesirable effects, such as 
electrolysis, electrode degradation and hydrodynamic 
instabilities have been observed. Urbanski 
experimentally investigated the effects of the step 
height on the pumping velocity induced by 
asymmetric pairs of 3D electrodes and compared 
them with the obtained results from a simulation 
model [14]. García-Sánchez [15] theoretically studied 
the effect of electrode height on the performance of 
TWEO micropumps. As a result, the net pumping 
velocity in a 3D electrode array can be increased as 
much as 2.7 times a 2D structure. Vafaie and et al., 
presents LOC components including micromixer, 
micropump and microseprator by using electroosmtic 
force [16-18]. 

The electroosmotic effect arises from the 
solid/electrolyte interface. Therefore, in this research 
we presents a novel low voltage micropump by using 
multiple narrow microchannel and investigate the 
pumping operation in the miniaturized microchannel 
of conventional Lab-On-a-Chip applications. For this 
purpose, firstly the geometrical design of the 
micropump will describe in Section 2. The theory and 
boundary conditions of the fully-coupled 
electroosmotic micropump are discussed in Section 3. 
Section 4 will perform a set of simulations to 
extensively investigate the induced electric field, 
velocity profile and voltage effect on pumping rate. 
Conclusion and comparison with other micropumps 
will be discussed in Section 5. 

 
 

2. Design Consideration 
 

In order to overcome the high driving voltages of 
conventional electroosmotic micropumps, we 
propose a new design. As it can be seen from Fig. 1, 
the geometrical model contains units of single 
microchannel. Where, a single wide microchannel 
consists of twelve narrow channels and the actuation 
electrodes mounted on the lateral walls of wide 
microchannel. The values of geometrical parameters 
of the proposed micropump were assigned in 
accordance with Table 1.  

 
 
Table 1. Geometrical parameters of microchannel  

for pumping process. 
 

Symbol Description Value [μm] 
Winlet Channel Inlet Width 300 
Woutlet Channel Outlet Width 250 
Lchannel Channel Length 700 

Lelec Electrode Width 300 
W1 Shown in Fig. 1 265 
W2 Shown in Fig. 1 150 
W3 Shown in Fig. 1 200 
W4 Wide channel width 285 
W5 Shown in Fig. 1 315 
W6 Shown in Fig. 1 250 
r Radios of curvature 150 
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Fig. 1. Two-dimensional Schematic view of microchannel and narrow microchannels, four microelectrodes are placed  
in the top and down of microchannel for pumping process. 

 
 

The system will be able to generate an electrosmotic 
force near the twelve narrow channels by  
actuating the electrodes with proper low-voltage 
electric field. Arraying multiple unites of these 
microchannels, will allow us to design a micropump 
with an effective pressure source. Since the length, 
width, and depth of geometrical model are so  
much larger than the microelectrode’s height, the 
electrodes can be modeled as flat line in simulation 
modeling [19]. 

3. Theory and Boundary Conditions 
 
The concept of electric double layer formation is 

because of electrochemical effects. Electrochemical 
equilibrium between a solid surface and an 
electrolyte solution typically leads to the interface 
acquiring a net fixed electrical charge, a layer of 
mobile ions, known as an EDL, forms in the region 
near the interface [20-21]. These effects are 
schematically illustrated in Fig. 2.  

 
 

 
 

Fig. 2. Electric double layer formation; the whole ions in bulk solution are highly surrounded by water molecules,  
so the bulk solution is electrically neutral. However, due to the electrochemical effect at surface, the ions are low hydrated 
(by water molecules) near the solid-wall/electrolyte interface. So, a thin layer charged by counter-ions, at interface between 
the solid wall and electrolyte. 

 
 

By applying a tangential electric field  
to the electrolyte solution, the charges in the 
electrical double layer at the interface of electrolyte 
solution and surface of electrodes, experience a 
considerable force. Therefore, these EDL  
charges move and as a result pull the bulk fluid along 
the actuation path, which cause to pumping effect. 
For analyzing the pumping operation we solve a 
mulyiphysic problem including:  

a) The fluidic Incompressible Navier-Stokes 
equation and continuity equation, 

b) The electric field inside the microchannel by 
electrostatic equation. 

 
3.1. The Fluid Behavior 

 

Both Navier-Stokes equation (Equation (3)) and 
continuity equation (Equation (4)) [19], govern the 
incompressible liquid flow: 

 

2
Efupuu

t

u +∇+∇−=



 ∇+

∂
∂  μρ , (3) 
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0=∇u , (4) 
 

where ρ is the fluid density, u is the net flow velocity, 
p is the pressure in the micro channel, μ is the fluid 
viscosity, fE is the driving electric force, which 
generated by external electric field in micro channel. 
Electrical driving force represents interaction 
between electrical double layer (EDL) and excess 
ions [8]. 

 
 

3.2. The Electrostatic Model 
 

From electrical point of view, we actuate the 
electrodes by electric potential of f(t):  

 

ElectrodesLoweratVtf

ElectrodesUpperatVtf

0

0

)(

)(

−=
=  (5) 

 

As a result of applied electric field, the ions in the 
EDL experience a tangential force. In such 
conditions, the highly miniaturized narrow 
microchannels improve the electroosmotic velocity 
near the channel walls. The electroosmotic velocity, 
Ueo, is well approximated by Equation (6) and known 
as the Helmholts-Smoluchowski equation which is 
valid for thin double layers [23]. 

 

μ
εζ E

Ueo −= ,

 
(6) 

 

where ε=ε0εr, ε0 is the dielectric permittivity in a 
vacuum, εᵣ is the relative dielectric permittivity of the 
liquid, ζ is the electrokinetic zeta potential, and E is 
the electric field.  

 
 

4. Results and Discussion 
 

The main aim of this study is to investigate  
the pumping effects with low voltage and 
corresponding low power in portable biomedical and 

chemical LOC and POC devices. Fluid velocities are 
computed using finite element method. To simulate 
the time-averaged velocity inside the microchannel 
the water was used as the working fluid. The required 
properties of water and other physical material 
properties are listed in Table 2 [10, 21]. As discussed 
before, due to microscales and corresponding very 
low Reynolds number inside microchannel, the 
system is highly laminar. 

 
 

Table 2. Geometrical parameters of a mixer unit. 
 

Symbol Description Value 

σ Electric conductivity 0.001 [S/m] 

εᵣ 
Dielectric Constant  
of Water 

80.2 

ρ Mass Density of Water 1000 [kg/m3] 

µ 
Dynamic Viscosity  
of Water 

0.001 [Pa.s] 

ξ Zeta Potential - 80 [mV] 

V0 
Amplitude of Electric 
Potential 

From 0 to 10 [V] 

 
 

In simulation model, the pressures at the inlets 
and outlet of the microchannel were specified as zero 
and the pressure gradient at the channel walls is set to 
be zero, which considering no flux across the walls: 

 

0

.0

=∇
=
Pn

P
 (7) 

 

It assumes that the pumping operation do not 
affect the working fluid properties such as fluid 
dynamic viscosity and μ, mass density, ρ [1, 11]. The 
four electrodes are excited by electric potential of f(t) 
as discussed in equation (5) to generate 
electroosmotic effect inside the microchannel. The 
most important boundary conditions of pumping 
process are schematically indicated in Fig. 3.  

 
 

 
 

Fig. 3. Micropump boundary conditions for both Fluid flow and electric field. 
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A set of simulations were done to extensively 
investigate the pumping process. As illustrated in 
Fig. 4 the electric potential of 10 Volt and -10 V are 
applied respectively to the top and down electrodes. 
As a result, an electric field is induced inside the 
channel ( VE −∇= ). As a prove of pumping effects 
inside the microchannel, Fig. 5 illustrates the 
generated velocity field arrows, streamline and 
surface plot, where the maximum pumping velocity 
of 1.1 mm/s achieved by applying 10 V to the V0. 
Actually, the miniaturized narrow microchannels 
enhance the pumping effect by efficiently using the 
electroosmotic effects near the multiple narrow 
channels. It should be noted that the pumping rate of 
0.1 mm/s is conventional for miniaturized lab-on-a-
chip applications [22, 24], and the proposed 
micropump are able to achieve average net velocity 
of 0.1 mm/s with using very low amplitude voltages.  

 
 

Fig. 4. Electric potential surface plot and correspomding 
generated uniform electric field inside the channel, 

indicated with red arrows. 
 

 
 

 
 

Fig. 5. Velocity field inside the microchannel; including arrows, streamlines and surface plot. 
 
 
As mentioned in previous section, the external 

electric field acted on the electric charges in the 
electric double layer. The tangential component of 
the electric field created a driving force that pulling 
the fluid inside the channel, the pumping velocity 
(netflow) is defined as [25]: 

 

0

1 x L

x

U udx
L

=

=

=   (8) 

 
 

4.1. Voltage Effect 
 
The velocity profile are indicated in Fig. 6A, 

which has a parabolic profile with maximum velocity 
of 1.1 [mm/s]. it should be notted that the 
electroosmotic pumping effect is largely affected by 
electric conductivity of solution. Actually, the 
tangential component of electroosmotic force reduces 
by decreasing the EDL thickness, λD. Also, the 
electric double layer thickness compressed  

by increasing the electrical conductivity of  
fluid [26, 27]. We sweep the electric potential V0 
from 0 to 10 and as indicated in Fig. 6B a linear 
increasing in net velocity observed. This effects 
allow us to control the pumping velocity with 
variation of electric potential.  

 
 

5. Conclusions  
 

This study investigates numerically a novel 
electroosmotic micropump, where multiple narrow 
microchannels are used for enhancing the 
electroosmotic effect. The electroosmotic force arise 
from the channel walls. Therfore we improve the 
electroosmotic effect by increasing the channel walls. 
The pumping performance is studied by applying low 
voltages on the electrodes. The result of this study 
reveals that the pump operates with low voltage 
which it is of interest in portable applications. This 
device is effective for fluid buffer with low electric 
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conductivities, where we have thick electric double 
layerr. We study the fully-coupled multi-physic 
micropump by Finite element method (FEM) and 
linear relation achieved between the applied electric 
potential and pumping rate. For example, a pumping 

rate of 0.2 mm/s is achieved for 4 [V] voltage which 
is very good for low power portable applications and 
avoid electrolysis. This micropump is compared with 
other micropumps in accordance with Table. 3. 

 
 

 
 

Fig. 6. Velocity results; (A) velocity profile at outlet and (B) voltage variation effect on pumping velocity. 
 
 

Table 3. Comparison table. 
 

References Type of Pump 
Channel 

width [μm] 
Fluid Electric 

conductivity [S/m] 
Applied 

Voltage [V] 
Typical 
velocity 

[15] 3D ACEO 100 KCl 3 1.2 [mm/s] 
[15] TWEOP - 1e-3, KCl 2 38 [μm/s] 
[28] ACEO 1000 0.0015, KCl 4.5 37 [μm/s] 
[29] 3-phase TWEOP - 1.3e-7, Ethyl ethanol 8 270 [μm/s] 
[30] 3D ACEO 500 - 2 190 [μm/s] 

This work 
Electroosmotic  

with multiple narrow 
channels 

250 1e-3, Water 4 210 [μm/s] 
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Abstract: In this work, a portable and low cost system for detection and quantification of arsenic in water has 
been developed, based on surface plasmon resonance in Kretschmann configuration. By means of self-
assembled monolayers on gold substrate type Au (111) in an aqueous medium, and autonomous and repetitive 
use of the substrate, it is possible to sense concentrations close to 5 parts per billion. A novel self-
functionalization module of monolayers on Au (111) for recognition and fixation of arsenic, together with a 
pretreatment module and a wireless communications module that allows the configuration of a network for to 
mapping and monitoring arsenic concentrations are integrated into a suitcase to configure a lightweight and 
portable kit system, or if required, the modules can be operated independently from each other. Copyright © 
2014 IFSA Publishing, S. L. 
 
Keywords: Nanosensor, Plasmon resonance, Arsenic detection, Self-assembly monolayers, Au (111). 
 
 
 
1. Introduction 

 

The presence of arsenic in drinking water and 
contaminated food has become an issue of great 
impact on human health [1-3]. It is estimated that 
over 130 million people in more than 70 countries 
are at high risk from consumption of arsenic present 
in food or contaminated water. Accepted levels of 
arsenic in drinking water are below 10 parts per 
billion [4], which requires the use of appropriate 
methodologies and instrumentation for monitoring 
and quantifying these hard to detect levels of 

contamination. Furthermore, for the tasks of mapping 
concentrations of arsenic in aqueous matrices and 
properly accomplish investigations on causes and 
sources of these metals, it is necessary to develop 
measurement systems, protocols, and methodologies 
for identification and quantification with a high 
degree of portability and accuracy. Current methods 
for measuring concentrations of arsenic in water, 
although of high quality and precision, require 
complex preparation protocols and instrumental 
infrastructure [5-6]. This justifies the development of 
portable and less expensive systems able to quantify 
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arsenic concentrations in water contaminated with 
the level of sensitivity required. 

By means of surface plasmon sensors it is 
possible to overcome and resolve constraints and 
issues of high cost, low portability and the ability to 
perform in situ measurements in a readily fashion. In 
this work, these challenges were addressed and 
resolved in a functional matter. An autonomous 
sensor has been developed (nanoSens) [7] to meet 
characteristics like self-running capabilities, low 
cost, portable, and useful to make in situ 
measurements and potential capacity for 
configuration in a network of sensors dedicated to 
mapping and monitoring arsenic concentrations in 
different places at once. 

 
 

2. Design and Configuration 
 

The nanoSens system consists of four modules 
that achieve different functions:  

i) Opto-electronic module;  
ii) Functionalization module;  
iii) Pretreatment module;  
iv) Communication module wich may be 

integrated into a single portable unit or may be used 
independently. 

The opto-electronic module utilize the well 
known Kretschmann configuration [8] (Fig. 1)  
which is the most common aproach for exitation of 
surface plasmon by prism coupling in a total 
atenuation method.  

 
 

 
 

Fig. 1. Surface plasmon resonance setup. An incident laser 
light onto gold substrate via a prism is reflected and 
detected by a photodetector. At a certain angle of 
incidence, excitation of surface plasmons are produced and 
change in reflected light can be detected. 

 
 

Devices have been already reported that use this 
kind of technology to provide for high-sensitivity 
measurement solutions [9]. In the Kretschmann 
configuration, p-polarized light is directed through a 
prism on a gold substrate functionalized with a 
monolayer capable of binding the analyte of interest. 
The light reflected from the gold substrate changes 
its intensity as a function of the incidence angle 

which is measured by a photodetector. For a given 
angle, a minimum intensity caused by the surface 
plasmon resonance occur. This angle is called the 
resonance angle and it is dependent on the index of 
refraction in the interface where the analyte which is 
to be sensed is located.  

The photodetector selected and implemented is a 
quad photodiode array (QP50-6SD2, Pacific Silicon 
Sensor, Inc) with current-to-voltage amplifiers that 
provide botton minus top and left minus right 
difference signals. The difference signals are voltage 
analogs of the light intensity difference sensed by the 
pairs of photodiode elements in the array. The 
spectral response at 22 oC is shown in Fig. 2, which 
has high response to wavelegths in the NIR, 
specifically between 800 and 950 nm. This spectral 
response of the photodiode allows to make a choice 
of the laser wavelength that must be implemented in 
the system. 

 
 

 
 

Fig. 2. Spectral response of photodetector used for 
configuration of opto-electronic module (Pacific Silicon 
Sensor, Inc Series 6 Data Sheet). 

 
 

The laser chosen to configure the opto-electronic 
module (Thorlabs L808P10 model) has an optical 
output power Po of 10 mW, a lasing wavelength λp 
of 808±7 nm, an operating voltage of 2.0 V, 
threshold current of 25 mA, and an operating current 
of 50 mA. Attending design restrictions for selected 
laser diode, a control unit EK200 (Thorlabs) was 
implemented. This unit allows control of constant 
power input to the laser diode in the limiting current 
range from 0 to 100 mA, with an accuracy limit of 
0.1 %. Thermal drift during prolonged times (24 hr) 
and lower than 1 %, has controlled current limits for 
embedded photodetector in the laser diode adjusted 
by variable potentiometer. The current range of 
photodetector embedded in the laser diode is between 
20-125 uA and the bandwidth at 3 dB is 10 kHz. 

A glass prism (BK7, refractive index 
η=1,51±0,01) is used. Fig. 3 shows the exploded 
view of the flow cell through which passes the water 
sample to be sensed, the optical assembly together 
with the gold substrate, the laser and  
the photodetector. 
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Fig. 3. Exploded view of the optical components, flow cell 
and photodetector as part of opto-electronic module. 

 
 

With a surface plasmon resonance setup, the 
curve of reflectance of pristine gold as a function of 
angle of incidence was obtained. Fig. 4 shows that 
for an angle of incidence of 600 a high reflectance  
is obtained.  

 
 

 
 

Fig. 4. Reflectance as a function of incident angle for the 
pristine gold substrate. 

 
 

This is the resonance angle for which surface 
plasmon resonance occurs. Based on this angle the 
direction of the incident laser beam on the substrate 
is configured. Changes in the gold-monolayer 
dielectric constant produced by the levels of captured 
arsenic produce a change in the resonance angle 
which is correlated to the concentration of analyte. In 
addition, the reflectance curve shows a very reduced 
angular bandwidth -low dispersion-, indicating that 
the choice of the wavelength of the laser diode was 
the most suitable. This proves that sensor resolution 
can be drastically favored. Changes caused by the 
capture of arsenic at very low concentrations can be 
detected by the photodetector. 

Thus for example, gold with dithiothreitol 
functionalized at 10 mM produces a shift in 
reflectance curve -for a fixed angle of 600 - that 
results in a voltage difference in the photodetector 
near to 1 V as illustrated in Fig. 5. 

 
 

Fig. 5. Gold substrate with dithiothreitol. The differential 
voltage is near to 1 Volt. 

 
 

If water with arsenic concentrations at 10 ppb 
circulates through the flow cell for 10 min, the 
differential voltage nears the 0.1 V value. 

Fig. 6 shows the transmittance for pristine gold 
substrate, gold substrate with dithiothreitol and gold 
substrate with dithiothreitol and arsenic at 10 ppb. 
This notorious and drastic changes are imposed by 
the presence of the monolayer and arsenic 
respectively. This curves were measured with 
integration sphere Uv-Vis. 

 
 

 
 

Fig. 6. Transmittance as a function of wavelength for 
pristine gold substrate, gold substrate with dithiothreitol 
and gold substrate with dithiothreitol and arsenic at 10 ppb. 

 
 
The Kretschmann cofiguration present in the 

opto-electronic module is continuosly consulted by a 
robust programmable logic control (PLC) unit, which 
is the principal data reader, processing and recorder 
unit. The data can be queried or consulted in a 
network enviroment, through the communication 
GSM modem unit. Furthermore, its battery pack unit, 
guarantee an autonomy of at least three months 
working of continuous field work. 
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2.1. Gold Substrate 
 
Au films provide the substrate onto which self-

assembles of molecules bind the analyte (arsenic) 
were deposited on Corning glass with d.c. magnetron 
sputtering [10] using an AJA-ATC 1800 system with 
a base pressure of 10-7 Pa. The deposition of the films 
was done with one 2-inch Au target, having a purity 
of 99.99 % at an applied power of 150 W and a pure 
Air pressure of 0.4 Pa. Due to the low adherence of 
gold to the glass, an intermediate film of Titanium 
with 5 nm in thickness is used. The average Au film 
thickness is 50 nm. 

The diffraction pattern obtained is shown in 
Fig. 7. Using Bragg's law and from the value of the 
lattice constant for gold, the Miller indices for the 
corresponding peaks were obtained. The XRD 
pattern of the gold film on glass surface shows 
diffraction peaks corresponding to (111), (200), and 
(220) respectively. The higher diffraction peak 
intensity corresponding to the plane (111) is located 
at 38.3o and is parallel to the glass surface. The peaks 
(200) and (220) of less intensity are located at 44.4o 
and 64.8o respectively. This distribution corresponds 
to a cubic face centered structure and allows to verify 
that it is an fcc(111) surface. 

 
 
 

 
 

Fig. 7. Diffraction pattern of the gold substrate. The 
intensity of a peak corresponding to the (111) orientation at 
38.30 is very intense and dominates over other orientations. 

 
 

AFM characterization of the gold surface was 
performed with a commercially available AFM. 
Fig. 8 shows granular structures typical of this 
metallic film with a very smooth surface and very 
low impurities levels. 

 
 

2.2. Self-assembled Monolayers 
 

In this work, thin films of Au (111) are 
functionalized with n-alkanethiols with different 
chain lengths using different immobilization 
strategies on gold surfaces [11]. The evolution of 
self-assembled monolayers on Au (111) substrate 

with different substances was studied. These studies 
allowed to evaluate the behavior and evolution of the 
substrate as it is reused, which led us to perform a 
formal protocol for functionalization in an aqueous 
medium at room temperature and to ensure an 
autonomous and a repetitive use of the substrate.  

Functionalization of the gold surface with  
n-alkanethiol, was performed at room temperature 
and in aqueous media. Specifically for dithiothreitol 
DDT, it was possible to obtain monolayers of good 
quality for capturing the arsenic as indicated in the 
absorption curve of Fig. 9. Concentrations of 
dithiothreitol under which a higher level of 
identification of arsenic occurs in approximately 
10 mM. This is the chosen value for functionalizing 
gold substrates. 

 
 

 
 

Fig. 8. AFM characterization of gold surface. 
 
 

 
 

Fig. 9. Curve for absorption of Au (111) with self-
assembled DTT in aqueous solution at different 
concentrations (solid line) and subsequent conjugation of 
As (dashed line) [12]. 

 
 

The functionalization time of the monolayer is 
very critical and important to design the sensor. The 
time 16 hr has been identified as desirable, as the  
time for which the monolayer completes its process 
of self-assembly and self-organization (coordinate e 
in Fig. 10). The temperature at which the 
functionalization process was performed is 15 oC. 
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Fig. 10. Absorbance by a thin layer of Au (111) 
functionalized with DTT at different times between 10 and 
30000 min in aqueous solution at a concentration of 10 
mM. Areas of the curve associated with the steps of self-
assembly: a-b) physisorption, b-c-d) chemisorption, d-e) 
Planning and Ordering and constant densification [12]. 

 
In summary, the operating parameters for the 

process of self-functionalization (for the case of the 
DTT) of the sensor are as follows: 

1. Temperature: 15 oC. 
2. Molarity of DDT: 10 mM. 
3. Time of functionalization: 16 hr. 
 
 

2.3. Functionalization and Pretreatment 
Module 

 

The functionalization module consists of eigth 
tanks of 300 and 200 mL respectivelly, which 
contain the chemical agents necessary for 
functionalization and cleaning of the gold substrate. 
These units are indicated in the block diagram of the 
Fig. 11 a-b. 

A master system is responsible for controlling the 
supply module and recycling the carrier solution of 
the chemical species following the protocol verified 
experimentally for the washing process and re 
functionalization of the nanostructured film [12]. 
This module is responsible for starting, stopping and 
controlling the processes of detection, measurement 
and monitoring of the analyte. 

Attending the specifications proposed by the 
design requirements, a programmable relay 0BA7 
LOGO 12/24 SIEMENS was used. The device has 
eight inputs, four of which are analog and four digital 
relay outputs. By including the self-functionalization, 
demand increase communication ports, being need to 
add a digital module DM8 12/24R, which has four 
digital inputs and four digital relay outputs. 

Water samples are admitted directly to a pre-
treatment module. This system removes particulate 
matter and other wastes that are usually present in the 
water collected from the points of interest in the 
field. The pretreatment is performed with the  
use of hollow fiber membranes with pore sizes  
of 0.1 micrometers, to ensure maintaining the 
concentration of the analyte (arsenic) unchanged. 
This pre-treatment ensures that the cell does not enter 
compounds that can modify the refractive index and 
cause damage to the gold substrate. 

 
 

(a) 
 

 
 

(b) 
 

Fig. 11. a) Isometric view of functionalization module, 
b) Photography of functionalization module into a portable 

Suitcase integrated. 
 
 

2.4. Communications Module 
 

The communications module is the system 
responsible for transmitting the historical data 
recorded by the reading unit and for processing 
information to an application that resides on a 
personal computer. 

The positive and innovative impact that can 
generate the development of this sensor will be 
strongly linked to the ability to put generated 
information in a network environment. This 
motivates the migration of the serial communication 
technology to Ethernet communication using an RJ45 
peripheral. The reader unit and data processing is 
provided with a channel with a MAC address:  
00-1C-06-1D-AE-43. The data are transmitted via a 
TCP/IP protocol and the communication is done 
between the communication module and the PC with 
an RJ45 cable directly connected or through a router 
or bridge. This is possible because the 
communications module has a system that 
automatically detects the type of connection that the 
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process is implementing and changes the order of 
port threads if necessary. Once the hardware 
connections are made, it is necessary to configure a 
network connection to the PC, making sure the IP 
address and sub net mask allow that both the PC and 
the communication module are on the same network 
(eg for the PC IP: 192.168.0.1 and Subnet mask: 
255.255.255.0). 

The communication module can also act in a 
master-slave network. In this case one becomes in 
client and the other in server. Through Ethernet, the 
system can share physical resources such as 
peripheral inputs and outputs that each possesses. 
 
 

3. Conclusions 
 

The development of an autonomous sensor for 
detection and measurement of arsenic in drinking 
water is reported. The developed system has the 
following advantages:  

i) The complete system can be integrated into a 
lightweight and portable suitcase, or if needed, each 
module can be operated independently.  

ii) It is a very low cost system (< 1800 US). In 
this budget figure, the cost of pre-treatment module 
has not been included.  

iii) The system is able to measure arsenic 
concentrations below 5 ppb. Measurements made at 
various sites confirm that the sensor reaches resolve 
concentrations of 1 ppb.  

iv) The sensor enables communication  
via Ethernet.  

v) The substrates may be repeatedly  
re-functionalized. 

The Kretschmann configuration chosen shows 
high performance stability, without noise thresholds 
altering the measurement in the 5-450C range. The 
wavelength selected for the laser -810 nm- proved 
successful in terms of resolution imposed on the 
sensor, which is reflected in the reduced dispersion 
obtained in the reflectance curve. 

The Table 1 Summarizes the principal technical 
aspects of the system. 
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Table 1. Technical Aspects. 
 

Description Value Unit 
Weight (all modules) < 8 kg 
Operating temperature 5 - 45 ˚C 
Sensibility 5 ppb 
Uncertainty 15 % 
Laser Wavelength 808 ± 7 nm 
Thickness of the gold layer  
(that configures the substrate) 

50 nm 
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Abstract: Some properties of thermoelectric nano-layers prepared by Pulsed Laser Deposition from hot pressed 
Bi2Te3 target are presented. The layers were prepared under various deposition conditions that include the 
substrate temperature during the deposition and the laser beam density, to study its influence on the quality of 
the surface. Crystallinity, composition and morphology of the layers are presented. Transport and thermoelectric 
properties such as electrical resistivity, the Seebeck coefficient, power factor and the thermoelectric figure of 
merit for the smoothest layers prepared at substrate temperature of 200 °C applying laser beam density 3 Jcm-2 
are also given. Nano crystallites observed on the layer’s surface are studied by X-ray Diffraction and by Atomic 
Force Microscope. The problematic of a new method for a relative thermal conductivity characterization of thin 
thermoelectric layers and multi-layered structures in nanometre range using a scanning thermal microcsope 
working in an active constant current mode and the first results are described. Copyright © 2014 IFSA 
Publishing, S. L. 
 
Keywords: Thermoelectric materials, Thin layers, Pulsed laser deposition, Thermal conductivity measurement. 
 
 
 

1. Introduction 
 
Thin layers and multi-layered thermoelectric 

structures are potential candidates for many 
thermoelectric applications and nano devices from 
solid-state coolers and generators, thermoelectric 
transducers, thermocouples to thermal sensors  
and detectors. 

A relative efficiency of thermoelectric material is 
expressed in terms of the dimensionless figure of 

merit (ZT). It depends on the Seebeck coefficient,  
the electrical conductivity, the thermal conductivity 
and on the absolute temperature. Despite of no 
theoretical ZT limit, it seems that ZT of about 1 is a 
practical limit for a majority of conventional 
thermoelectric materials [1-2]. Bismuth and  
tellurium compounds, such as Bi2Te3 etc., prepared 
in a form of very thin layers (nano layers) have  
been well established candidates for many 
thermoelectric applications.  

http://www.sensorsportal.com/HTML/DIGEST/P_2549.htm
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Knowledge of thermoelectric properties of 
materials with lateral resolution of tens of 
nanometres is necessary and the problem of accurate 
characterization of materials for thermoelectric nano 
devices is extremely important from the nano 
physics, nano electronics, nano mechanics and nano 
medicine point of view of. 

We have been working on the development of a 
simple and reliable method for relative thermal 
conductivity characterization of thin thermoelectric 
layers and multi-layered structures using a scanning 
thermal microscope working in constant current 
active DC and AC modes already for some time. For 
our experiments we need high quality thermoelectric 
layers and nano layers with thermal conductivity in 
the range from about one-tenth to few tens  
of Wm-1K-1 with a very smooth surface. The 
increased surface roughness might cause inaccuracy 
and create difficulties such as artefacts etc., when 
using any scanning probe microscope measurement 
technique, including thermal microscope.  

As a suitable thermoelectric material for our 
experiments we have chosen Bi2Te3 nano layers 
which were successfully prepared by several 
deposition methods including Pulsed Laser 
Deposition (PLD) in the past [3-5]. 

In this paper we present the influence of the main 
deposition conditions that include the substrate 
temperature (TS) and the laser beam density (DS) on 
the quality of layer surface. The X-ray Diffraction 
(XRD) patterns, the Wavelength Dispersive analysis 
(WDX) composition and the Atomic Force 
Microscope (AFM) surface morphology of the 
prepared layers are presented. The study was already 
presented during the TechConnect World 2014 
conference [6]. Transport and thermoelectric 
properties studied on the smoothest layers prepared 
at TS=200 °C applying DS=3 Jsm-2 together with the 
first results of the relative thermal conductivity 
measurement using a scanning thermal microscope 
working in active current DC mode are  
also described. 

 
 

2. Layers Preparation and Measurement 
 

To study the influence of PLD deposition 
conditions on the resulting layer surface quality with 
the goal to find the conditions providing the 
smoothest surface, two series of layers with thickness 
ranging from 230 nm to 500 nm were prepared  
on Si (100) substrates from a Bi2Te3 target. The first 
series layers were prepared at the substrate 
temperature TS=360 °C applying various laser beam 
density DS (1, 2, 3, 4 and 5 Jcm-2). The original 
choice of TS was selected based on previously 
published experiments providing smooth and 
crystalline Bi2Te3 layers [3-4]. The second series 
layers were prepared with different TS (200 °C,  
250 °C, 300 °C and 400 °C) applying the same 
DS=3 Jcm-2, which was chosen based on results 
observed on the first series layers. 

The starting polycrystalline Bi2Te3 material was 
synthesized from Bi and Te elements of 5N purity in 
evacuated silica ampoules at 1073 K for 48 hours. 
After verification of homogeneity of the prepared 
compound by means of X-ray powder diffraction, the 
polycrystalline ingot was crushed using an agate 
mortar and sieved to obtain particle size below 
100 μm. The target for PLD deposition of 20 mm in 
diameter and of 2 mm in height was prepared by the 
hot pressing method (temperature 500 °C, pressure 
~60 MPa for 1 hour). The measured density of 
pressed target reached about 96-98 % of the 
theoretical density. 

The powder X-ray diffraction patterns of the 
Bi2Te3 compound used for the target were collected 
in the Bragg-Brentano geometry on the Bruker D8 
Advance diffractometer equipped with a secondary 
graphite monochromator. CuKα radiation was used. 
The XRD spectrogram of the PLD target compound 
is depicted in Fig. 1. 

 
 

 
 

Fig. 1. The XRD spectrogram of the PLD target with only 
peaks corresponding Bi2Te3 compound. 

 
 

The basic schema of the experimental apparatus 
for PLD is depicted in Fig. 2. Conceptually and 
experimentally, PLD is an extremely simple method, 
probably the simplest of all the thin film growth 
techniques. A high power pulsed excimer KrF laser 
(COMPexProTM 205 F) radiation (1) is used as an 
external energy source to vaporize materials of the 
target (5) and to deposit a thin film. A set of optical 
components is utilized to focus the laser beam on the 
target surface (2, 3). After the laser pulse irradiation 
the temperature rises very rapidly (1011 Ks−1) and the 
evaporation becomes non-equilibristic. For our 
experiments the substrates were cleaned from 
mechanical dirt in an ultrasonic cleaner. Next the 
substrates were subsequently cleaned in ethyl 
alcohol, acetone and toluene. Cleaning in vapours of 
boiling ethyl alcohol then completed the process. 
Two types of square shaped substrates - fused silica 
glass and Si (100) approximately 10×10 mm in 
dimension were used as substrates. The substrates 
were finally annealed in an oven at a temperature of 
around 250 °C. Deposition took place in Ar 
atmosphere (13 Pa), the target to substrate distance 
was set to 40 mm and the base vacuum of the coating 
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system was 5×10−3 Pa. The layers were prepared by 
PLD using a KrF excimer laser λ = 248 nm,  
τ = 20 ns, repetition rate of 10 Hz and laser  
spot 2×1 mm2.  

 
 

 
 

Fig. 2. The basic scheme of PLD apparatus: (1) laser beam, 
(2) mirrors, (3) focusing lens, (4) quartz window, (5) target 
holder, (6) substrate holder, (7) vacuum pump, (8, 9) Pirani 
and Penning vacuum gauges, respectively. 

 
 

Thickness and roughness of the layers were 
measured by an Alpha-step IQ mechanical 
profilometer (KLA TENCOR Co.). The uncertainty 
in the thickness estimation is about 10 % in the 
examined range of thicknesses partly the fact that the 
layer thickness in the centre of the sample is higher 
than at its edge. 

The layer roughness and homogeneity were 
characterized by the Atomic Force Microscope 
(AFM) Solver NEXT (NT-MDT) operating in 
dynamic regime with HA_NC tips and in contact 
mode with CSG10 tips. The layers surface 
parameters were calculated from a 50×50 μm area 
with software NOVA PX.  

Transport properties, such as the in-plain 
electrical resistivity and the Seebeck coefficient, 
were measured on the smoothest prepared layers in 
the temperature range from room up to 200 °C. The 
power factor was then calculated.  

Four square shaped contacts for the 
measurements were prepared by evaporating Ti in 
the sample corners. Pressed Pt/PtRh thermocouples 
with a diameter of 0.07 mm were used as leads. A 
conventional DC van der Pauw’s method was used 
for the electrical resistivity measurement. The 
experimental error of this method is about 10 %.  

The Seebeck coefficient was determined from the 
variation of the electromotive force for different 
temperature gradients (from about 1 °C to 8 °C) 
across the layer. Both sides of the sample were in 
thermal contact with an independent wire resistant 
sub-heater that supplies the heat and induces the 
sample temperature gradient. The thermocouple 
junctions were bonded to each corner of the square 
shaped sample. The experimental error of the 
Seebeck coefficient measurement is about 15 %.  

The test of thermoelectric figure of merit (ZT) 
was conducted at room temperature by the Harman 
technique [7], in which parameters related to 

electrical conductivity, the Seebeck coefficient and 
thermal conductivity (that make up ZT) are measured 
at the same place and at the same time with electrical 
current flowing through the layer. For intrinsic ZT 
evaluation we used the so-called variable thickness 
approach mathematically equivalent to measurement 
with different current density [5, 8], where ZT can be 
obtained on a layer across which a temperature 
difference is developed by the Peltier effect using a 
quasi-steady-state current [7].  

We have been developing a new method for 
relative thermal conductivity characterization of thin 
thermoelectric layers in the nanometer scale. By the 
method the thin layers of different material prepared 
on the same type of substrate can be quickly 
compared from thermal conductivity point of view. 
The general schema is depicted in Fig. 3.  

 
 

 
 

Fig. 3. The general schema of the relative thermal 
conductivity measurement using thermal microscope. 
 
 
For these experiments additional samples were 

prepared at TS=200 °C with DS=3 Jcm-2. The layers 
were deposited only on the part of the substrate, so it 
has been possible to measure pure Si substrate and 
the system Bi2Te3 layer-Si substrate without any 
manipulation with sample after the system 
calibration. The method uses a scanning thermal 
microscope working in the active constant current 
mode, the microscope’s cantilever being heated by an 
electrical current during the measurement. When 
physical contact between the measured sample and 
the cantilever is developed, the probe temperature 
decreases due to power dissipation into the sample. 
The temperature change leads to resistance change in 
the probe which is evaluate using a Wheaston bridge. 
A result of the measurement is the surface height 
relief and its “thermal map”. To increase the stability 
and sensitivity of the measurement the probe was 
driven with DC current pulses instead of constant DC 
current, thus only the tip of the cantilever was 
periodically heated up and not the whole system. 
This utilization of the system increases sensitivity of 
the measurement for about two orders in comparison 
to the constant DC current mode and minimize  
the influence of the measurement on an  
ambient interferences.  
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For this study Atomic Force Thermal Microscope 
(AFMTh) Commercial SPM - Veeco MultiMode 
system with NanoScope IVa controller equipped with 
three exchangeable scanners AS-0.5MF ("A") with a 
range of 0.4×0.4 μm, AS-12VMF ("EV") with a 
range of 10×10 μm and V version leak resistance 
("J") with a range 125×125 μm has been used. The 
two terminated measuring silicon probes of 100 µm 
width and 2-3 µm in thickness and 200 µm in length 
with a Tungsten resistive path produced also by 
Picocal Ltd. were utilized.  

 
 

3. Results and Discussion 
 

The Energy Dispersive X-ray analysis (EDX) and 
the Wavelength Dispersive X-ray analysis (WDX) 
were performed on several layers prepared at TS=360 
°C applying DS=5 Jcm-2 to obtain information on 
layer stoichiometry. The excess of Bi  
(Bi/Te ratio ~ 0.76) in comparison to the PLD target 
Bi2Te3 stoichiometry (Bi/Te ratio ~ 0.67) was 
observed in all explored layers. The standard 
deviation was found to be ±1.5 %. Different 
deposition conditions or a different target would have 
to be selected to get the exact Bi2Te3 stoichiometry, 
which is not necessary in our experiment. Our goal 
was to prepare thermoelectric layers with the 
smoothest possible surface. Thus, more valuable for 
us was the observation of a very granular surface 
covered with crystals of different dimensions. 

The surface roughness of all prepared layers was 
studied by AFM (scanned area 50×50 um) and 
checked by Alpha-step mechanical profilometer. The 
results of these measurements are summarized  
in Table 1. 

 
 

Table 1. The comparison table of surface roughness Sa 
(Ra) value for each prepared nano layer measured  

by Alpha-step mechanical profilometer. 
 

Deposition 
condition Layer 

thick. 
[nm] 

Profilo-
meter 

AFM 

TS 
[°C] 

DS 
[Jcm-2] 

Sa (Ra) 
[nm] 

Sa (Ra) 
[nm] 

360 5 271 1.62 8.76 
360 4 309 1.86 9.81 
360 3 329 1.61 7.72 
360 2 311 1.77 9.46 
360 1 494 10.47 - 
400 3 321 10.82 56.93 
300 3 293 1.76 9.01 
250 3 302 0.97 7.65 
200 3 226 0.84 3.9 

 
 

Generally there are two types of objects observed 
on the layer’s surface. The first are regularly shaped 
crystals of Bi2Te3 or Bi(2+N)Te(3+M) compounds 
ranging in size from about 100 nm to 500 nm. These 
create a basic surface and were proved to be 
crystalline by the XRD measurement. Usually 

crystals peak less than 200 nm above the surface, as 
seen in the 3D surface visualization depicted in the 
Fig. 4. The second are so called PLD droplets. They 
are much more spread over the surface and are much 
less frequent in comparison to the first type. The 
problem is that they are unfortunately much larger. 
Their height reaches 400 nm and their diameter is in 
the range of 200 nm to 300 nm.  
 
 

 
 

Fig. 4. AFM 3D surface visualization of the surface 
(detail area 10×10 um) of the layer prepared at TS=300 °C 
applying DS=3 Jcm-2 where crystals and droplets peaking 

over the surface are visible. 
 
 

The influence of the laser beam density on the 
surface roughness appears to be negligible, however 
the smoothest surface was observed applying 
DS=3 Jcm-2 (see Fig. 5). 

 
 

 
 

Fig. 5. The layer roughness Sa (Ra) versus laser beam 
density DS for samples prepared at the same substrate 

temperature TS=360 °C. 
 
 

The impact of the substrate temperature is more 
important (see Fig. 6). With increased TS the layers 
become rougher. This was obvious and visible by eye 
for the layer prepared at TS=400 °C. This layer had a 
different colour (matt white) in comparison to the 
other layers which are usually silver and shiny. The 
same trend of dependencies was observed using 
AFM as well as a mechanical profilometer (see Fig. 5 
and Fig. 6). The resulting values are different which 
expected, due to the use of different methods with 
varying accuracy. 

In general the prepared layers were homogeneous 
from a macro point of view (the AFM scans were 
performed in several different positions over the 
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whole surface and the roughness and granularity 
remains the same).  

 
 

 
 

Fig. 6. The layer roughness Sa (Ra) versus substrate 
temperature TS for samples prepared applying the same 

laser beam density DS=3 Jcm-2. 
 
 

The smoothest layer surface was obtained at 
TS=200 °C applying DS=3 Jcm-2 is depicted in Fig. 7. 
The roughest measurable layer prepared at  
TS=360 °C applying DS=4 Jcm-2 is shown in Fig. 8.  

 
 

 
 

Fig. 7. AFM surface morphology (scanned area 50×50 um) 
of the smoothest nano layer prepared at TS=200  °C 

applying DS=3 Jcm-2. 
 
 

 
 

Fig. 8. AFM surface morphology (scanned area 50×50 um) 
of the roughest measurable layer prepared at TS=360 °C 
applying DS=4 Jcm-2. The layer prepared at TS=360 °C 

applying DS=1 Jcm-2 was not measurable at all. 

It is important to emphasise that these deposition 
conditions might not be optimal from thermoelectric 
properties point of view, as they influence the layer 
stoichiometry. 

Once we identified proper deposition conditions 
for high quality surface (i.e. TS=200 °C, DS=3 Jcm-2), 
additional series of layers was prepared to check the 
transport and thermoelectric properties. 

The in-plain electrical resistivity and the Seebeck 
coefficient were measured in the temperature range 
from room temperature up to about 200 °C. The 
resultant temperature dependencies are depicted in 
Fig. 9. and Fig. 10. All characterized layers were  
N type of conductivity, which was determined from 
the sign of the Seebeck coefficient. The measured 
temperature dependency of electrical resistivity was 
found to be flat in the studied temperature interval 
with average value around 1 mΩcm and is depicted 
in Fig. 9. Positive temperature dependency was 
measured for the Seebeck coefficient (increasing 
Seebeck coefficient with temperature) with room 
temperature absolute value of the around 60 μV/K 
(value is negative - N type) and is shown in Fig. 10. 
The both values correspond to published results for 
EDC prepared layers [9]. The Bi2Te3 Bridgman’s 
method prepared bulk mono-crystal room 
temperature values of electrical resistivity and the 
Seebeck coefficient measured perpendicularly to 
crystallographic c axis are about 1.3 mΩcm and 
about 227 μV/°C, respectively [10]. Our layers are 
rather Bi(2+N)Te(3+M) compounds than Bi2Te3 
stoichiometry and so the measured properties are 
different. In Fig. 11 there is temperature dependency 
of power factor with the room value of about 
3650×10-9 WK-2cm-1 calculated. From the measured 
properties point of view the prepared layers are 
average thermoelectric material. 

Room temperature ZT values published for single 
thin Bi2Te3 layers prepared by different depositions 
techniques [9] are in the range from 0.07 to 0.98. We 
observed room temperature value ZT around 0.13, 
which is close to the method resolution limit. 

 
 

 
 

Fig. 9. Temperature dependency of measured electrical 
resistivity for about 330 nm thick N-type layers prepared 

from the Bi2Te3 target at Ts=200 °C with Ds=3 Jcm−2. 
Solid line – mean value; dashed lines max/min  

measured values. 
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Fig. 10. Temperature dependency of the measured Seebeck 
coefficient for about 330 nm thick N-type layers prepared 

from the Bi2Te3 target at Ts=200 °C with Ds=3 Jcm−2. 
Solid line – absolute mean value; dashed lines max/min 

measured values. 
 
 

 
 

Fig. 11. Temperature dependency of calculated power 
factor (S2/R or S2σ) for about 330 nm thick N-type layers 

prepared from the Bi2Te3 target at Ts=200 °C  
with Ds=3 Jcm−2.  

 
 

The experimental relative thermal conductivity 
characterization setup was tested on the two samples 
with the different thickness of the Bi2Te3 layer (about 
131 nm and 750 nm in thickness) deposited on the 
part of Si substrate. For each type of the surface i.e. 
Si substrate and Bi2Te3 layer, on the prepared 
samples a contact and a far withdraw reference 
position, defined as a 170 μm distance from the 
sample surface, were measured (a Wheaston bridge 
voltage value). Equalizing of measured ratios on 
reference Si substrate gives a difference in measured 
values on Bi2Te3 layers with different thickness. The 
difference for our samples was equal to 2.5 mV. 
Such system response is repeatable over the different 
parts of the sample. This sensitivity of the system is 
demonstrated in the picture Fig. 12, where there is a 
boundary Si substrate - Bi2Te3 layer depicted.  

On the left Fig. 12 side the surface topography is 
shown, on the right side the thermal response. In the 
bottom there are profiles from the region of the 
boundary shown.  

 
 

Fig. 12. Relative thermal conductivity AFMTh 
measurement done on the boundary of Bi2Te3 layer of 
about 139 nm in thickness deposited on the part of Si 
substrate. On the left side there is the measured 
topography. On the right side there is the corresponding 
thermal response. In the bottom there are corresponding 
profiles - height (nm) and measured electrical response 
(mV). 

 
 

Although the system shows its tremendous 
possibilities it is still under development and mainly 
numerical evaluation of the tip to sample interface 
needs to be done. 

 
 

4. Conclusions 
 
The influence of the deposition conditions - the 

substrate temperature and laser beam density - on the 
quality of the surface (homogeneity and roughness) 
was analyzed on thermoelectric nano layers prepared 
by PLD from Bi2Te3 target. The smoothest layers 
were deposited at TS=200 °C while applying 
DS=3 Jcm-2. Such deposition conditions are not 
optimal from thermoelectric properties point of view 
as was proved by characterization and prepared 
layers are rather average thermoelectrics; because the 
layer stoichiometry is influenced by the deposition 
conditions. The response of the experimental relative 
thermal conductivity measurement system is 
repeatable and measurable, so the approach seems to 
be functional. The method still under development 
and more experiments with different material  
are necessary. 
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Abstract: Possibility and advantages of use of a single crystal diamond (HPHT and CVD) as highly effective 
secondary emitter are shown in this paper. The maximum secondary electron emission (SEE) coefficient about 
14 at working accelerating voltage is received (several times exceeds SE coefficient of used materials, such as 
silicon), lack of dependence on diamond type is shown, dependence on current of primary beam is revealed. The 
main goals of experiments were to establish optimal characteristic of primary beam (such as energy of primary 
beam and current) and sample preparation for achievement the maximum coefficient of secondary electron 
emission (SEE coefficient). Experimental data were analyzed and an optimum technique of preparation of a 
diamond samples surface for use as secondary emitters was developed. Taking into account outstanding 
diamond characteristics there is a possibility for creation unique and highly effective detectors and converters 
based on effect of SE. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Secondary Emission, Electron affinities, Diamond, Surface states, Microchannel devices. 
 
 
 
1. Introduction 

 

Wide band gap materials have attract much 
interest as materials with high quantum efficiency 
due to their low or negative electron affinity (NEA), 
when the bottom of a conduction band is above 
vacuum level, so low-energy electrons in conduction 
band should be emitted in vacuum without  
energy loss.  

In general, metals and semiconductors are 
relatively poor secondary-electron emitters, but wide 
band gap materials (insulators), on the contrary, are 
very good in this effect [1]. Carbon provides an 

excellent example in this tendency. For example, 
carbon in graphitic form is one of the poorest 
secondary-electron emitters: the maximum SEE 
coefficient is about 1.0 for graphite and 0.45 for  
soot [2]. But diamond, wide band gap material, 
exhibits an unusually high SEE coefficient: in some 
articles authors report that the SE coefficient of 
single crystal diamond is about 100 [3]. For 
comparison, a table of the coefficient of SEE from 
insulators shows that the previously known highest 
value is 23, measured on crystalline MgO [1]. 

Recent researches in the field of a single crystal 
diamond growth made this material cheaper.  

http://www.sensorsportal.com/HTML/DIGEST/P_2550.htm
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CVD process is actively used now for production 
depreciation. The fact that price has dropped allows 
us to use diamond more widely for creation modern 
electronics with outstanding characteristics. 

Therefore, use of diamond as highly effective 
multiplier of electron current looks perspective. 

 
 

2. Description of Diamond Samples  
and Measurements  

 
In this paper we investigated different types of 

diamond: various levels of concentration of boron 
(type IIb) and nitrogen (type Ib), various orientation 
directions, free and hydrogenated diamond surfaces, 
samples grown by using HPHT and microwave-
plasma CVD methods. CVD diamonds were grown 
by use HPHT diamond single crystal substrates.  

For the first experiment the following samples 
were prepared (Table 1):  

 
 

Table 1. Diamond sample comparison. 
 

No. Type Orientation H-termination 
1 IIb (001) Yes 
2 IIb (001) No 
3 IIb (001) No 
4 IIa (110) Yes 
5 IIa (001) No 

 
 

Thickness of a diamond plates was in limits from 
300 microns to 500 microns. Thus, thickness of 
plates exceeded interaction depth with primary 
electron beam and secondary electron emission from 
a diamond plate was measured. All samples were 
polished, consistently washed in acetone and 
isopropyl alcohol. Samples with free surfaces were 
washed and polished the same methods. 

It is known that surface properties of diamond 
essentially depend on preparation methods and 
sequence of operations. Annealing in the atmosphere 
of hydrogen changes physical and chemical 
properties of diamond surface. It’s called  
H-termination and is characterized by negative 
electronic affinity appearance when the bottom of 
conductivity band is above vacuum level. It is 
expected that such preparation can significantly 
improve SEE from diamond since there will be no 
energy dissipation of electron output from a 
conductivity band to the vacuum. 

Thus, some of diamond plates were terminated by 
hydrogen (H-termination) in CVD system. The 
following mode of annealing was chosen: first off all, 
heating from room temperature to 800 °C during 
30 minutes, then plates were kept at 800 °C during 
5 minutes and the subsequent cooling. This sample 
preparation allowed to compare coefficients of 
secondary electron emission of H-terminated samples 
and samples with free surface.  

Scanning electronic microscopes FEI Quanta 200 
and Tescan Vega 3 SBH were applied for this study, 
which allowed to use all required range of energy 
(from 200 eV to 30 keV) of primary electron beam, 
had necessary outputs for measurements, movements 
of positional table on five independent axes (X, Y, Z, 
rotation and turn with high precision) and standard 
detector of true and secondary electrons for 
visualization of areas with various coefficient of 
secondary electron emission. 

Possibilities of use of various measurement 
schemes were investigated, but the best one for low-
energy electrons measurement and the best shielding 
from undesirable EM-noises on measuring wires and 
devices was in the scheme specified in Fig. 1. In this 
figure Ibeam is a total current from SEM, ISE is a 
secondary electron emission current, Ubias is a shift 
voltage, Iabs is a current via ammeter. 

 
 

 
 

Fig. 1. Scheme model of experiment. 
 
 

The set of various detectors (detectors of 
secondary and the low-loss electrons, X-ray and 
optical quanta, the screen for electronic diffraction, 
etc.) is installed in the microscope with their own 
power supply or voltage shift, so a distribution of 
electric field inside chamber is very difficult to 
calculate. Therefore, it’s impossible to predict a 
trajectory of movement of secondary electrons in 
advance. In order not to consider influence of internal 
elements of a design of a microscope on collecting 
secondary electrons, the grounded screen near a 
sample was installed. 

During research of samples with insufficient 
conductivity accumulation of a surface charge near 
interaction area of a primary beam with a sample is 
possible. For example, if coefficient of secondary 
electron emission is more than 1.0, a surface of a 
sample charges positively. So, surface charge distorts 
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local distribution of electric field near interaction 
area. This field tries to return the secondary electrons 
back. Low-energy electrons with kinetic energy less 
than 100 eV prevail in the range of secondary 
electrons owing to their energy distribution. Thus, 
existence of positive charge on a sample surface can 
significantly distort measurements of coefficient of 
SE since we can’t measure a beam of secondary 
electrons which return back to a sample. This process 
is shown in Fig. 2. To minimize influence of 
charging on collecting secondary electrons was 
offered to apply negative potential of shift.  

 
 

 
 

Fig. 2. Process of surface "charging" of a sample. 
 
 

During the measurements the electron gun of 
SEM creates a beam of primary electrons and 
described by Ibeam. Secondary electrons are beaten out 
to the vacuum from its surface layer at interaction 
point of primary electron beam with a sample. This 
beam is described by ISE current. If we measure the 
absorbed current Iabs, i.e. to measure current 
transmitted through a table, according to Kirchhoff's 
law we can calculate:  

 
Iabs = Ibeam - ISE (1) 

 
The current of secondary electrons is 
 

ISE = Ibeam - Iabs  (2) 
 
And, respectively, a coefficient of secondary 

electron emission equals: 
 

KSE = 
beam

abs

beam

absbeam

beam

SE

I

I
1

I

II

I

I −=−=  (3) 

 
Value of primary beam current remains only 

conditionally constant therefore after accelerating 
voltage is changed, current of a beam must be 

controlled by means of Faraday cup. Negative shift 
in the scheme was made by constant battery of 40 V. 
Values of currents were measured by using source 
meter Keithley 2612A. 
 
 
3. Secondary Electron Emission 

Measurement 
 
3.1. Сonfirmation of SEE Diamond 

Properties and Characteristics 
 
Efficiency of secondary electrons creation was 

estimated by analyzing of brightness of the image 
received from built-in detector of true-secondary 
electrons. In Fig. 3 images of samples No. 1, No. 2 
and No. 3 are given, in Fig. 4 – No. 4 and No. 5. 

 
 

 
 

Fig. 3. Comparison of secondary electron emission 
efficiency from IIb diamonds. 

 
 

 
 

Fig. 4. Comparison of secondary electron emission 
efficiency from IIa diamonds. 

 
 

Figures, assumptions of increasing of SEE 
coefficient using diamond surface H-termination 
process completely were confirmed. Thus, the 
observed increase occurs both on high-pure dielectric 
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and the boron-doped conductive samples. Also it 
should be noted that after H-termination the areas of 
diamond growth were easily observed in the picture 
of SEE. 

Further measurements of dependence of SEE 
coefficient (according to the scheme shown in Fig. 1) 
on current of primary beam were carried out at two 
values of accelerating voltages of 1 kV (Fig. 5) and 
10 kV (Fig. 6). It’s shown that both samples, which 
surfaces were H-terminated, have coefficient of SEE 
4-5 times higher, than other samples with an 
unprepared surface. Thus, the difference in SEE 
between boron-doped and high-pure diamonds isn't 
revealed. It’s important to note that we found 
dependence of SEE coefficient on current of primary 
beam on both samples with H-termination.  

 
 

 
 

Fig. 5. Dependence of secondary electron emission 
coefficient on current of primary beam  

(beam energy 1 kV). 
 
 

 
 

Fig. 6. Dependence of secondary electron emission 
coefficient on current of primary beam  

(beam energy 10 kV). 
 
 

Also attempt to measure dependence of SEE 
coefficient on an angle of primary beam of electrons 
was made. However, the received dependence differs 
from theoretically expected (see Fig. 7). This 
discrepancy can be explained by change of a sample 
area analyzed during rotation. Thus, for the next area 
real value of SEE can differ or can have another 
condition of charging. 

 
 

Fig. 7. Dependence of secondary electronic emission 
coefficient on an angle of primary beam. 

 
 

3.2. Investigation of Dependence of SEE 
Coefficient from Temperature Changes 
of H-termination 

 
For the second experiment the following samples 

were prepared (Table 2):  
 
 

Table 2. Diamond sample comparison. 
 

No. Type Orientation H-termination 
1 IIb (001) Yes 
2 IIb (001) Yes 
3 IIb (001) Yes 
4 IIb (001) Yes 

5 CVD (001) 
Yes, in the process 

of growth 
 
 

Methods of preparation were as in the previous 
experiment, but temperature of process changed in 
range from 475 °С and to 850 °С. 

Using the scheme shown in Fig. 1, dependence of 
SEE coefficient on the primary electron energy were 
established. The comparative plot for diamond 
samples in all range of the accelerating voltages 
available on SEM Tescan Vega 3 SBH was graphed. 
Results are shown in Fig. 8. 

 
 

 
 

Fig. 8. Comparative analysis of secondary electron 
emission coefficients. 
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During the analysis of the results presented on the 
plot it is possible to specify the location of SEE 
maximum which was located in the range of primary 
beam energy from 0,8 keV to 1,1 keV. The location 
scatter of a maximum is caused by a measurement 
error and imperfection of the scheme: the screen of a 
constant source of voltage (battery) was made of 
aluminum foil and had very poor contact with 
ground, respectively, there were errors in results  
of measurements.  

The measured maximum SEE coefficients: the 
sample No. 1 ≈ 7; the sample No. 2 ≈ 12.3; the 
sample No. 3 ≈ 6.3; the sample No. 4 ≈ 6.7; the 
sample No. 5 ≈ 9.1. 

In addition it should be noted high (in relation to 
other samples in experiment) SEE coefficient at the 
sample No. 2. This fact can be explained by the 
highest temperature of H-termination process and 
also by chosen area of measurements – the glowing 
center in Fig. 9. 

 
 

 
 

Fig. 9. SEE intensity distribution of the sample No. 2. 
 
 

It is necessary to note an existence of dependence 
of SEE coefficient from temperature of process of H–
termination. When the process temperature was 
higher, secondary electron emission coefficient was 
higher too at the same accelerated voltage. 

 
 

3.3. Investigation of Dependence of SEE 
Coefficient from Power Changes of  
H-termination 

 
For the third experiment the following samples 

were prepared (Table 3).  
Samples No. 1 and No. 2 were taken from  

the previous experiment, no additional preparation 
were made and, accordingly, stayed for 1 month  
on air.  

Using the improved scheme, the comparative plot 
of dependence of SEE on the accelerating potential 
was graphed. Results are shown in Fig. 10. 

Table 3. Diamond sample comparison. 
 

No. Type Orientation T, oC 
Power, 

kW
1 IIb (001) - - 
2 IIb (001) - - 
6 IIb (001) 1100 3 
7 IIb (001) 1200 3,25 
8 IIb (001) 1100 3,35 

 
 

 
 

Fig. 10. Comparative analysis of secondary electron 
emission coefficients. 

 
 

Comparing these results to the results received 
earlier (a month before it) for samples No. 1 and 
No. 2 it is important to notice considerable decrease 
of SEE (for a sample No. 2) more than by 1.5 times. 
This fact can specify a degrading of a hydrogen 
layer. In addition, it should be noted that samples 
were stayed on air without any special storage 
conditions. Also from this plot it is possible to draw a 
conclusion on a greater influence of temperature to 
hydrogenation process, than plasma power. 

 
 

4. Conclusions 
 
Thus, possibility of creation of highly effective 

secondary emitters for development of the advanced 
electronics is shown. But the set of questions and 
technical details remain undecided and require 
further research. So, we can make microchannel 
plates of a single-crystal diamond with outstanding 
physical characteristics. 
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Abstract: We study spectral properties of electron tunneling in isolated double quantum wells (DQWs) in 
relation to the geometry variations of the double quantum well shapes. The tunneling rates in the double 
quantum wells for whole spectrum of confined electron states are calculated. The effect of the regularization of 
the tunneling rate along spectrum is searched by transformation of the geometry of quantum well in double 
quantum well from “regular” one to “chaotic” one. The cases of quantum billiards (infinite confinement)  
and InAs/GaAs quantum wells (finite confinement) are compared. The calculations presented do not generally 
support the recent proposed assumption about such effect. We show the strong influence of the geometry of 
quantum well boundaries on variations of tunneling rate along spectrum. Copyright © 2014 IFSA  
Publishing, S. L. 
 
Keywords: Quantum dots and wells, Single electron states, Tunneling, Chaotic quantum billiards. 
 
 
 
1. Introduction 

 
Relation between chaotic properties of the 

quantum objects and electron tunneling is considered 
to be important from technological point of view [1]. 
Semiconductor heterostructures such as quantum 
wells (QWs), quantum dots (QDs), and quantum 
rings (QRs) demonstrate atom-like structure of the 
electron spectrum, including several hundreds of 
confined electron levels. In the case of a double 
quantum system, a single electron spectrum is 
composed of a set of symmetric and anti-symmetric 
state pairs (quasi-doublets). Energy splitting between 
members of the quasi-doublet is interpreted as the 
tunneling rate. We study electron spectra and electron 
tunneling in such quantum systems. In particular we 
compare the tunneling in double quantum well 
(DQW) with chaotic and regular geometry of the QW 
shapes, taking into account recently published results 
of Ref. [2] as an evidence of a regularization of the 
tunneling rate for DQW with chaotic geometry of 

QWs. The regularization is interpreted as a 
characteristic of the tunneling rate taken along the 
total spectrum. Presented calculations do not support 
this explanation. However we confirm a strong 
influence of the QW geometry boundaries on the 
tunneling rate. A small violation of the symmetry 
drastically affects tunneling [3]. The systems with 
finite confinement are considered as well as 
InAs/GaAs QWs. We visualize features of the 
tunneling rate occurring in such DQW. Correlation 
between electron localization in the barrier between 
QWs and quasi-doublet energy splitting is studied. 
The factors of the effective mass anisotropy are also 
considered for Si/SiO2 DQW. 
 
 
2. Quantum Billiards 
 

We consider the two-dimensional double 
quantum wells (DQW) proposed in Ref. [2]. The 
wells in the DQW are separated by finite potential 
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barrier which forms interior boundaries, since the 
exterior boundaries are infinite walls (like it is for the 
quantum billiard (QB)). The problem is 
mathematically formulated by the Schrödinger 
equation in two dimensions: 

 

)()()ˆ( rEΨrΨVH c =+ , (1) 

 

where Ĥ  is the single band Hamiltonian operator 

∇−∇
2m

ˆ
2

=H , m  is the electron effective mass, 

and ( )rVc
 is the confinement potential. ( ) 0=rVc  

inside of the QWs, and is equal to cV  inside in the 

barrier. We put here 12/2 =m . The geometries of 
the considered DQW are shown in insets  
of the Fig. 1.  

 
 

 
 

Fig. 1. Tunneling rates ΔE  vs. energies E  of electron 
confinement states for different shapes of DQWs:  
(a) rectangular, (b) triangle, (c) semi-circle, (d) semi-circle 
with cuts. Insets show corresponding DQW. All values are 
given in arbitrary units. 
 

 

The shape of each QWs corresponds to quantum 
billiard having regular (rectangular, triangle, semi-
circle) or chaotic behavior (semi-circle with cut) (see 
for instance) [3]. The double billiard is represented as 
a two level quantum system. The consideration for 
such system can be found in [4] for one dimensional 
case. The electron spectrum is formed by a set of 
quasi-doublets. Evaluation of quasi-doublet energy 
splitting ΔE  is performed using the following 
relation:  
 

 y)dxdy(x,y)Ψ(x,y)V(x,ΨΔE Rs
c

Ls
~ , (2) 

 

where y)(x,Ψ Ls
 ( y)(x,Ψ Rs

) is the normalized 

wave function of the “single left” (“single right”) 
QW. The result of the integration depends on 
overlapping of the wave functions. Results of our 

calculations of ΔE  are presented in Fig. 1 for each 
level of the spectrum. 

The parameters that define this overlapping (2) 
are the distance between QWs and spreading of the 
single wave function outside of the QW shape region, 
which depends on the energy of the levels, due to the 
asymptotic behavior of the wave function of confined 
states. We write the asymptotic as follows: 

 

( )( )xEEbAexpy)(x,Ψ c
Rs −−∼ , (3) 

 

where x  is the distance from a QW boundary, A and 

b  are the constants (or may weakly depend on y  

coordinate), cE  is the threshold of the continuous 

spectrum. It can be assumed that the value of 
logarithm of the tunneling rate E)ln( Δ  depends on 

the energy as a linear function of E .  
The appropriate value for evaluation of the integral 
(2) is the probability S to find an electron inside the 
barrier. The value of S is defined by contribution of 
“tails” of the wave functions outside QWs shape. 

Thus, the value ln(S)  depends on E  linearly. 

This relation is approximately satisfied for levels 
which are far from bottom of the quantum  
well (see figures below). For the low-lying levels, 

EΔ  and S decrease with decreasing energy faster. 
Spectrum of "regular" DQW may be classified by 
"good" quantum numbers. For the geometry  
Fig. 1(a) the energy is given by the  

relation: )Lm+L)(n(E x
2

ynm,
2222 //2m/~   

with quantum numbers | n |, | m |=1, 2 ..., xL , yL  

define size of rectangular shaped QW. For the 
geometry Fig. 1(c) the energy is given by the 

relation: |)l|)(n+(E ln, 2m/~ 2 , where n  and 

l  are radial and orbital quantum numbers. The 
difference of these cases ensures the difference for 
the behavior of the tunneling rate with the geometry 
1(a) and 1(c) presented in Fig. 1. When we change 
geometry to use "chaotic" geometry for QW we have 
different energy dependence. There is more 
complicate dependence due to existing no "good" 
quantum numbers for such geometry. The 
calculations presented in Fig. 1 do not support 
recently proposed assumption [2] about 
regularization of the tunneling rate when the QW 
geometry in DQW is chaotic. One can set the 
transformations of the initial geometry (a) to 
geometry (b) and to (c) which do not violate 
“regular” geometry and which “regularize” of the 
initial tunneling rate (a). 

Based on Fig. 1(c) - Fig. 1(d) and Fig. 2 one may 
see that the tunneling rates are correlated with the 
probability of the particle being at the barrier. It is not 
surprising due to relation (2), that the energy splitting 
is defined by overlapping of the basic functions. This 
overlapping is mostly in the barrier that establishes 
such correlation of this probability with the  
energy splitting. 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 116-122 

 118

 
 

Fig. 2. The probability S of the particle being at the barrier. 
a) The spherical shaped DQW. b) The spherical shaped 

DQW with cuts. 
 
 

We varied the QW geometry to be chaotic one. 
Left-Right symmetry of DQW is violated by 
asymmetric cut as is shown in Fig. 3.  

 
 

 
 

Fig. 3. Tunneling rate ΔE  in a spherical shape quantum 
billiard (black circles) with asymmetric cut (red 
rectangles). The shape is shown in the inset. The cut is 
colored by red. 

 
 

Tunneling rates ΔE  calculated for chaotic 
geometry and regular geometry (presented in Fig. 3) 
differ and one can conclude that a regularization of 
the rate takes a place when we change the chaotic 
geometry to regular one.  
 
 
3. InAs/GaAs Quantum Wells 
 

Here, we consider the InAs/GaAs QWs as an 
example of nano sized hetero-structures related to the 
considered above quantum billiards (QB). The effects 
occurred in QB may be found in such QWs. Note that 
the InAs/GaAs structures are well studied and have 
technological implementation. The band gap 
potential for the conduction band was chosen as 

cV =0.594 eV. Bulk effective masses of InAs and 

GaAs are 1,0
*m =0.024 0m  and 2,0

*m =0.067 0m , 

respectively, where 0m  is the free electron mass. We 

add extra potential on the left hand side of the Eq. (1) 
to simulate the strain effect [5]. The effective 

potential sV  has an attractive character and acts 

inside the QWs. The magnitude of the potential can 
be chosen to reproduce experimental data for the 

InAs/GaAs quantum dots. The magnitude of sV  for 

the conduction band chosen in [6] is 0.21 eV. The 
Ben-Daniel-Duke boundary conditions are used on 
the interface of the material of QW and substrate.  

All sizes of the DQW shown in Fig. 1(c) were 
increased by 9 times. The results of calculation for 
the tunneling rate are presented in Fig. 3 and Fig. 4 
for rectangular and semi-circle shapes of QWs. 

 
 

 
 

Fig. 4. Tunneling rates ΔE  (a) and probability S (b) of 
the InAs/GaAs DQW semi-circle shaped, a=9 nm. Inset: 
The single electron wave function having mixing symmetry 
(“ n =1” and “ n =2”). 

 
 

This calculation demonstrates behavior similar to 
what we see for QB above. The logarithmical 
dependence of tunneling rate for high-lying level is 

seen. The correlation between ΔE  and S is well 
established. The new moment is existing levels with 
mixing of symmetry (shown in inset of Fig. 4). This 
takes a place due to finite confinement in the 
InAs/GaAs hetero structure, when the energy  
spacing between levels become comparable  
with the quasi-doublet spacing and the level anti-
crossing is possible. 

We decreased size of last DQW by 3 times to see 
the atom-like property of the hetero-structure. The 
results of the calculation are shown in Fig. 5. The 
probability S is split to two values for each quasi-
doublet. The effect is known as the bounding and 
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anti-bounding orbital effect in molecular physics [7]. 

The correlation between ΔE and S is clearly seen for 
this case. 

 
 

 
 

Fig. 5. The semi-circle shape InAs/GaAs DQW  

(see Fig. 1(c)). Tunneling rate ΔE , probability S of the 
particle being on the barrier. 

 
 

In Fig. 6(a), the probability S is shown for 
rectangular shape of QWs. The results are close to 
one obtained for the quantum billiard (see Fig. 1). 
The large values of variations of funneling rate along 
the spectrum are obvious due to strong quantum 
number dependence. For symmetric cuts of each QW 
shown in inset of Fig. 6(b), the QW geometry 
becomes to chaotic one. However, the symmetry of 
the DQW geometry is kept. In the limits of strong 
coupling of QWs, chaotic properties of individual 
QW are disappeared in the DQW [3]. The visible 
“regularization of tunneling rate”, which is 
demonstrated in Fig. 6(b), is attributed by geometry 
change (boundaries) most likely that the chaotic 
Distance between QWs is changed in these 
calculations. We detect the effect of violation of the 
symmetry: the regular behavior of S as a function of 
confined energy is broken (see Fig. 4 and Fig. 6), 
electron localization is randomly changed along 
spectrum. geometry of QWs. 

In Fig. 7 we show calculated values of S for the 
semi-circle shape InAs/GaAs DQW with cuts (see 
inset). The shape size corresponds to the DQW 
shown in Fig. 1(d) increased by 9 times. The 
geometry of each QW in DQW is chaotic, however 
the symmetry of the shape of whole system is not 
violated. We see that this does not affect the behavior 
of S, in comparison with the regular shape of DQW, 
considered above. 

To describe localization of a single electron in 
this double quantum object we make some definition 
[8]. Probability of localization of electron in the 

region γΩ  ( γ =1, 2), related to the QW area is 

( )
γΩγ dxdy|yx,Ψ|=N 2 , where ( )yx,Ψ  is 

normalized wave function of electron. 

 
 

Fig. 6. The probability S of the InAs/GaAs DQW a) 
rectangular shaped (see Fig. 1), b) rectangular shaped with 
symmetric cuts. Here inter-dot distance is a=8 nm. Inset: 
the shape of DQW is shown. 

 
 

 
 

Fig. 7. The semi-circle shaped InAs/GaAs DQW  
with symmetrical cuts. 

 
 

We define tunneling measure parameter  
 

)/()( 11 22 N+NNN=σ − , (4) 
 

with the range of [-1, 1]. Obviously, when 0=σ , 
the electron will be located in left QW and right QW 
with equal probability (delocalized state).  

In the case 1≤|σ| , electron is located in the  

left QW and the right QW simultaneously with 

different probability. In total spectrum, σ -parameter 
demonstrates mirror symmetric location relative to 

the 0=σ  axis that reflects the quasi-doublet 
structure of the spectrum. For identical QWs in 
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DQW, the electron is localized in one of the objects 

and 1|=σ| , when distance between the objects is 

large enough. The electron is tunneling, so that its 
wave function is spread over the whole double 

system and 0≈|σ| , when the distance decreases. 

The parameter σ  is sensitive to the small 
geometry variations [8] violated reflexion symmetry 
of DQW. In Fig. 8, we present the results of 
calculations of the σ -parameter and the probability 
S for different geometries of the semi-circle shaped 
DQW with cuts (see Fig. 1(d)). The QWs in DQW 
are non-identical due to the ratio of the radii of the 

left and right cuts are RigthLeft RR / =5.99/6.0. In 

opposite to DQW with identical QWs and the same 
inter-dot distance, the spectrum of the asymmetric 
shape DQW includes mainly localized state. It is seen 
by σ -parameter in Fig. 8(a). Only few states in 
upper part of the spectrum are delocalized state.  

Decreasing of the inter-dot distance a  returns the 
situation when all states are delocalized as shown in 
Fig. 7 (b) – Fig. 7 (c). One can conclude that the 
small violations of DQW shape symmetry affect the 
localized- delocalized states of the spectrum. The 
behavior of the tunneling rate along the spectrum is 
not essentially changed. 

Also we can conclude from Fig. 7, that the 
coupling between quasi-doublet for weak and strong 
cases may be indicated by the difference of splitting 
of the probability S corresponding to states of quasi-
doublets with “symmetric” and “anti-symmetric” 
wave functions. 

We have seen for QB that the symmetry violation 
is the main factor which can de-regularize a tunneling 
rate. For the InAs/GaAs DQW, the results of 
calculations for S and the parameter σ  in the case of 
strong violation of shape symmetry are presented  
in Fig. 9. 

 
 

  
Fig. 8. Parameters S and σ  for semi-circle DQW shaped 

with cuts (sizes of Fig. 1(d) scaled by N×  factor) in cases 
of different inter-dot distances a) a=10.8 nm (x9) 
b) a=9.8 nm (x8), c) a=2.4 nm (x8). The ratio of the radii 
of the cuts is equal 5.99/6.0. 

Fig. 9. Parameters S and σ  for semi-spherical shaped 
InAs/GaAs QW with asymmetric cut. The DQW shape is 
shown in the inset. Distance between QWs is a) a =1.8 nm 
and b) a =1.4 nm. 

 
 

The parameters S and corresponding tunneling 
rate (see also Fig. 3) demonstrate non-regular 
character along the spectrum with large and small 
deviations comparing with one for symmetric DWQ 

shown in Fig. 4, Fig. 7, Fig. 8. One can conclude that 
this behavior may be motivated by the irregular 
distribution of the localized-delocalized states in the 
spectrum (that is indicated by σ -parameters). 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 116-122 

 121

4. Si/SiO2 DQW and Mass Anisotropy 
 

In this section we consider another factor which 
may affect tunneling rate. The effective electron 
mass in the Si/SiO2 DQWs has strong anisotropy 

1/ <⊥ ||Si,Si, mm . Based on the model for the 

Si/SiO2 QD proposed in [9, 10] we compare 
tunneling rate for two variants of the DQW 
geometry. The first one is the regular geometry  
(Fig. 1(c)) and the second one is the “chaotic” 
geometry (Fig. 1(d)). The band gap potential for the 

conduction band is cV =3.276 eV. Bulk effective 

masses of Si and SiO2 are Sim =( ⊥Si,m =0.19 0m , 

||Sim =0.91 0m ) and 
2SiOm =1.0 0m  respectively. 

We assumed that, in the QWs, the effective mass 

Sim  is equal ⊥Si,m  along x -direction and 

Sim = ||Sim  along y -direction. 

The results are presented in Fig. 10. One can 
conclude that the mass anisotropy effect for the 
tunneling rate deviation in the spectrum may be 
strong and is comparable with the considered DQD 
geometry variations. Weak asymmetry of DQW (see 
also Fig. 8) affects the distribution of the localized-
delocalized states of the spectrum. The low-lying 
states become localized, mainly. Corresponding 
tunneling rate of the lower part of the spectrum 
demonstrate larger deviation than the upper part of 
the spectrum including many the delocalized states as 
is show in Fig. 11. The effect of the spreading is not 
large on background the dependence of the tunneling 
rate on quantum numbers and the mass anisotropy.  

 
 

 
 
Fig. 10. Tunneling rates for the Si/SiO2 DQWs. a) semi-
circle shaped, b) semi-circle shaped with cuts. The DQD 
shape geometry is shown in Fig. 1 c-d) (sizes are in nm). 
The distance between QWs is 1 nm. 

 
 

7. Conclusions 
 

We studied spectral properties of electron 
tunneling in double quantum wells. We found that 
regularization of the tunneling rate is generally 
possible when the geometry is changed from chaotic 
(asymmetric) to regular (symmetric) one. We 
confirmed strong influence of geometry of QW 
boundaries on the deviations of the rate along 
electron spectrum. We have shown that the 

probability S of the particle being in the barrier may 

be a useful addition to the tunneling rate ΔE  in 
theoretical analysis of tunneling in chaotic  
quantum systems.  

 
 

 
 

Fig. 11. Tunneling rate and parameters σ  for Si/SiO2 
DQW with semi-circle shapes and asymmetric cuts. The 
part of the spectrum where the states are strong localized in 
one QW or another QW is marked by gray color accent. 
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Abstract: Capillary microfluidics or capillarics is gaining importance in the biotechnological domain. It 
combines the advantages of capillary actuation that does not require pumps or syringes to move the fluids, with 
low-cost fabrication, user-friendliness, portability and telemedicine compatibility. In this work, we present 
expressions of the spontaneous capillary flow velocity in different geometrical configurations. It is shown that 
relatively large velocities - at the scale of microsystems — can be reached by capillary microflows. 
Consequently transport distances can be important. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Spontaneous capillary flow (SCF), Capillarics, Capillary force, Microgroove, Suspended channels. 
 
 
 
1. Introduction 

 

In biotechnology and medicine, point of care 
(POC) and home care systems are progressively 
gaining momentum. Such systems must be easily 
portable, user friendly, robust and low-cost. These 
systems considerably improve the comfort of patients 
and the rapidity of the diagnostics [1]. 

The conventional microfluidic systems use fluids 
moved by pumps, syringes or electric means, and are 
not the best solutions when portability and low-cost 
are an issue. Such systems are bulky and/or require 
costly, external appliances. 

On the other hand, capillary-based systems fulfill 
the requirements for POC and home-care [2-5]. In 
these systems, fluids are moved by capillary and 
surface tension forces. The self-motion of the fluid is 
called spontaneous capillary flow (SCF). In fact in 
such systems, the energy source for the fluid motion 

is the capillary force exerted by the triple line at the 
front end of the flow. This contrasts with pump or 
syringe-driven flows where the motor of the motion 
is a pump or a syringe placed at the back end of  
the flow.  

Moreover, the energy source for capillary-based 
systems is “packed in” under the form of an adequate 
surface energy of the walls, while the energy source 
is external to the biochip when dealing with  
active systems using pumps, syringes or other 
electrical means.  

Much different geometry of capillary channels 
exist (Fig. 1). Capillary systems can be confined, i.e. 
use closed microchannels [6], or they can have an 
open-surface and the microchannel has the shape of a 
groove etched in a solid substrate [7-11] or they can 
even be “suspended”, i.e. the liquids flow between 
vertical walls without supporting walls at the  
bottom [12-14].  
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(1) (2)
U-grooveConfined channel

(4)
Suspended channel

(3)
V-groove  

 
Fig. 1. Different morphologies of capillary channels:  

(1) rectangular, confined; (2) U-groove; (3) V-groove;  
(4) rectangular suspended. 

 
 

For the applications in medicine and 
biotechnology, it is of utmost importance to 
determine the sample liquid velocities in such 
capillary systems. Especially it is essential to know if 
sufficiently high velocities can be reached in these 
channels. It is also of importance to know if a system 
can be totally filled by the sample liquid in an 
adequate time lapse. 

In this work, we derive differential equations for 
the velocity in capillary channels that collapse in 
closed form expressions when inertia can be 
neglected — which is frequent at the microscale. 
Four geometries are investigated and compared:  

1) Rectangular, confined channels; 
2) Rectangular, open-surface U-grooves;  
3) Triangular, open surface V-grooves; 
4) Rectangular, suspended channels (Fig. 1).  
The case of the triangular V-groove will not be 

studied in details; we just report the results of Rye 
and colleagues [7-9]. 

It is shown that the velocities are functions of the 
inverse of the square root of time, and that they are 
the product of the square root of a “physical” 
velocity and of a “geometrical” velocity. Depending 
on the morphology of the channel, relatively large 
velocities can be obtained, at least in the first few 
millimeters of the channel. 

 
 

2. The Dynamics of SCF 
 
We place ourselves in the simplified case where 

the liquid boundaries are a solid wall with a Young 
contact angle θ, and — in the case of open  
channels — a free boundary with air. From a 
dynamic standpoint, the average velocity of the open 
microflow can be determined using a balance 
between capillary forces, surface tension forces and 
friction with walls [15-18].  

The capillary force writes [19, 20] 
 

γθγ FWcap ppF −= cos , (1) 

 
where γ is the surface tension between the liquid and 
air, pW and pF are the wetted and free perimeters 
respectively in a cross-section of the channel, as 
shown in Fig. 2. 

On the other hand, the friction force is  
 

( )tzpSF Wdrag ττ == , (2) 

where τ is the wall friction, S is the wetted surface 
and z is the distance of the interface from inlet which 
depends on the time t. 
 
 

pW

pF

z

 
 

Fig. 2. Sketch of a capillary flow, with the free  
and wetted perimeters. 

 
 

On the other hand, the friction force is  
 

( )tzpSF Wdrag ττ == , (2) 

 
where τ is the wall friction, S is the wetted surface 
and z is the distance of the interface from inlet which 
depends on the time t. 
 

The force balance on the fluid flow is then 
 

dragcap FF
dt

dV
m −= , (3) 

 

where m is the mass of the fluid in the channel and V 
is the average velocity. The mass of fluid being 
proportional to the penetration distance, (3) can be 
written under the form 
 

( ) ( )tzppp
dt

dV
Stz WFWc τγθγρ −−= cos , (4) 

 

where Sc is the cross-section area and ρ is the 
volumic mass of the fluid. The Reynolds number of 
the fluid being small, the flow is highly laminar and 
the flow profile is “Poiseuille-like” in the channel. 
The friction τ then depends on the geometry of the 
channel and on the average velocity V. Locally, the 
wall fiction is 
 

λ
μμτ V

y

V
=

∂
∂

= , (5) 

 
where λ is the typical length that depends on the 
geometry. Upon substitution of (5) in (4), and using 
the relation dtdzV = , one obtains the second order 

differential equation for the motion 
 

0
cos

2

2

=
−

−+
z

pp

dt

dz
p

dt

zd
S FW

Wc
γθγ

λ
μρ  (6) 

 

Usually, at the microscale, inertia can be 
neglected, because the Reynolds number of the order 
or less than 1. In such a case, relation (6) can be 
simplified to 
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( )
W

FW

p

pp

dt

dz γθγ
μ
λ −= cos22

 (7) 

 
Integration of (7) yields 

 

( )
t

p

pp
z

W

FW γθγ
μ
λ −= cos2

 (8) 

 
Finally the capillary velocity is simply the time 

derivative of z 
 

( )
tp

pp
V

W

FW 1cos

2

γθγ
μ

λ −=  (9) 

 
Relations (8) and (9) are in agreement with the 

Lucas-Washburn-Rideal law for the capillary flow 
inside cylindrical channels [15-17]. Finally the 
relation between the capillary velocity and the 
distance is 

 









−=

W

F

p

p

z
V θλ

μ
γ

cos  (10) 

 
In (8), (9) and (10), the only difficulty is the 

determination of the friction length λ. In the 
following, we show on some examples how λ can be 
approximately calculated. 
 
 
2.1. Confined Rectangular Channels 
 

In such channels, of width w and height h, the 
friction can approximately be expressed as 

 

( ) ( )







 +=

+≈

w

h

h

w
tzV

wtz
h

V
htz

w

V
Fdrag

)(12

2)(62)(6

μ

μμ

,
 

 
 

(11) 

 
where µ is the dynamic viscosity of the fluid. The 
friction length is then 
 







 +

+=

w

h

h

w
hw

6

1λ  
(12) 

 
On the other hand, the capillary force is 

 
( )hwFcap += θγ cos2  (13) 

 
The travel distance as a function of the time is 

then given by 
 

( )
t

w

h

h

w
hw

z







 +

+=
μ

θγ

3

cos
 

(14) 

Note that, because the channel is closed, w and h 
are reversible in relation (14). If we note e the 
channel aspect ratio e=w/h, the capillary velocity is 
given by 
 

( ) ( )
( )2

1

cos cos 11

12 112

,

w h e eh
V

w h t t e
h w

h
f

t

γ θ θγ
μμ

γ
μ

+ +
= =

  ++ 
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(15) 

 
where 
 

( )
( ) θλθ

cos
2112

1cos
21 he

ee
f =

+
+=  (16) 

 
is the non-dimensional function that depends on the 
geometry (and on the contact angle θ). Relation (15) 
states that the velocity is the product of the square 
root of a “physical velocity” μγ — which 

depends on the properties of the fluid—by the square 
root of a “geometrical velocity” th  and by a 

characteristic non-dimensional function 1f . 

Finally, eliminating the time from (14) and (15) 
produces the relation between the velocity and the 
penetration distance 
 

12 f
z

h
V

μ
γ=  (17) 

 
 
2.2. Open Rectangular U-grooves 

 
 

The SCF in open rectangular U-grooves is 
shown in Fig. 3. 

 
 

w

θ=60°

 
 

Fig. 3. SCF in a U-groove (quasi-static Evolver 
calculation). 

 
 

Following the same approach as that of preceding 
section, the friction length is given by 
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and 
 

( )[ ]
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ee
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2
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(19) 

 

The capillary velocity is then 
 

( )[ ]
22

12

cos2
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e
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(20) 

 

relation which has the same form as (15) with a 
different geometrical function f2: 
 

( )[ ]
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ee
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2
12
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2
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(21) 

 

The penetration as a function of the distance  
z is then 
 

22 f
z

h
V

μ
γ=  (22) 

 
 
2.3. Suspended Rectangular Channels 
 

A suspended microflow is a flow that uses 
capillary forces and surface tension to fill and 
maintain a fluid in microscale structures devoid of a 
ceiling and floor (Fig. 4A). These flows have the 
advantage to be accessible on both sides, from above 
and from below.  

 
 

Inlet port Outlet port

suspended channel

1.2 cm

BA

 
 

Fig. 4. A: sketch of a suspended flow;  
B: SCF in a suspended channel (w=300 µm, h= 1 mm). 

 
 

The dynamics of this kind of microflow is 
derived in the same manner as for U-grooves [14], 
and we find 

 

6

w=λ  (23) 
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and 
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where 
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and 
 

32 f
z

h
V

μ
γ=  (27) 

 
 
3. Experiments 
 

In this section, we experimentally checked the 
results of the preceding section.  

Clearly the Formulas (8) and (9) collapse to the 
Lucas-Washburn-Rideal equation in the case of the 
cylinder: in such a case λ=R/4, where R is the radius 
of the cylinder. 

Let us consider first the results obtained by Han 
and coworkers [21] for confined nanochannels of 
approximately rectangular cross section, and coated 
by a SiO2 layer. The nanochannels are 900 nm wide 
and 50 nm deep. Four different liquids were used: 
water, a 40 % ethanol solution, pure ethanol and 
isopropanol. Relation (14) is compared to the 
experimental results in Fig. 5. A good agreement is 
observed using the same physical properties of the 
liquids indicated in the publication. Note that the 
Washburn kinetics is respected, i.e. the travel 
distance is proportional to the square root of time. 
Note also that the contact angle is constant because 
the plots are linear: the capillary number being small, 
the advancing contact angle is constant and equal to 
the static contact angle.  

 
 

 
 

Fig. 5. Travel distances vs. square root of time  
in a silicon nanochannel coated by a silica layer  

(w=900 nm, h=50 nm). 
 
 

Second, experiments using rectangular U-groove 
have been performed: the channel is shown in insert 
of Fig. 6. The device is made of PMMA and 
hydrophilically treated with plasma O2. Again the 
agreement between experiments and relation (19) is 
satisfactory. 
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A

2 cm

Inlet port Outlet port

U-channel

 
 

Fig. 6. SCF in a winding, rectangular, U-groove channel 
etched in PMMA (w=300 µm, h=1 mm) for three aqueous 
liquids. The three liquids are water dyed with different 
food coloring at different concentration. Dots are 
experimental results while continuous lines correspond to 
relation (19). 

 
 

Finally, experiments using a suspended  
channel have been conducted: the channel is shown 
in Fig. 4B and in insert of Fig. 7. The device is made 
of PMMA and hydrophilically treated with  
plasma O2.  

 
 

 
 

Fig. 7. Penetration distance as a function of time for three 
aqueous liquids. The aqueous liquids are water dyed with 
different food coloring at different concentration. Dots 
correspond to the experimental results, the continuous lines 
to the theoretical solution without inertial terms — relation 
(24), and dotted lines to the theoretical solution with the 
inertial terms — relation (6). 

 
 

4. Comparisons 
 

When comparing the different geometrical 
configurations, it is the geometrical function f that 
produces the velocity difference (Fig. 8). Fig. 9 
shows the penetration distance in the channel as a 
function of the elapsed time for two different aspect 
ratios e=0.22 and e=0.63 and a contact angle of 30°. 

We have added the case of the open triangular 
channel described by Rye and colleagues [15-17], 
where the dynamics is calculated by the Lucas-
Washburn-Rideal expression with an equivalent 
hydraulic radius. The liquid is water, with a surface 
tension γ = 72 mN/m, and a dynamic viscosity 
µ=0.001 Pa.s.  

The closed, open-U and suspended channels stay 
always in the same order for the velocity magnitude: 
the velocity is largest for the confined channel, then 
for the U-groove, and then for the suspended 
channel. On the other hand, the velocity in  
the V-groove varies considerably with the groove 
angle. Note that the aspect ratio e in the case of  
the V-groove is related to the groove angle by the 
relation ( ) 222tan ehw ==α . For e=0.22, α~6°, 

and for e=0.63, α~35°. 
 
 

Rectangular confined

U-groove

suspended

 
 

Fig. 8. Comparison of the penetration distance with the 
aspect ratio for confined-rectangular, open-rectangular and 
suspended channels. Continuous and dotted lines 
correspond respectively to a contact angle of 30° and 50°. 

 
 

(B) : e=0.63(A) : e=0.22

 
Fig. 9. Comparison of the penetration distance between the 
different geometries. A: aspect ratio e=0.22. B: aspect ratio 

e=0.63. In both cases the contact angle is 30°. 
 
 

5. Conclusions 
 

In this work, the capillary velocities in closed 
channels, U-grooves and suspended channels have 
been investigated. Closed form expressions for the 
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velocities with a dependency as t1  have been 

found, in agreement with the Lucas-Washburn-
Rideal approach.  

Relations between travel distance and time, and 
capillary velocity and time have been derived for 
different channel geometries, and they show the same 
canonical form. They only differ by a non-
dimensional “form” function typical of each channel. 

These expressions can be extrapolated to 
composite walls of different materials [14] — which 
is often the case with closed channels where the 
cover can be made of a different material. 

It seems that there is a need to investigate further 
the velocity in very narrow V-grooves since the usual 
expression of the literature diverges when the groove 
angle decreases towards zero. Moreover, the non-
Newtonian aspect is still to be investigated since 
biological fluids have often a shear-thinning 
behavior, and their viscosity increases with the 
decrease of the velocity in the capillary channel.  
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Abstract: Silicon detectors are used in many medical applications for particle tracking, X-ray medical imaging, 
gamma or X-ray spectrometry, among others. The development of new silicon detectors for specific physics 
areas leads to overcome technological challenges that means not only optimize the design, but also improve the 
micro-fabrication processes. A new design of a solid-state-detector based on silicon microfabrication is 
described in this work in order to create a novel microdosimeter. This microdosimeter improves the performance 
of existing microdosimeters using three-dimensional microfabrication technology development. The 
microdosimeter could help to obtain biophysical parameters necessary to elucidate the relative biological 
effectiveness in hadrontherapy as well as the equivalent dose of background radiations present in nuclear 
medicine, aerospace exploration, nuclear facilities, particle accelerator and aviation. Copyright © 2014 IFSA 
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1. Introduction 
 

Microdosimetry deals with the study of the 
distribution of energy deposition in microscopic 
volumes, and establishes relationship between these 
depositions and their physico-chemical and 
biological consequences. This dosimetry field is 
essential for both radiation therapy and radiation 
protection and requires appropriate instrumentation 
to carry out measurements at the micrometric level, 
such as cellular or subcellular structures. These 
instruments are called ‘microdosimeters’ and special 
considerations have to be taken into account when 
designing them. For example, firstly, the microsensor 
should have a cross-section size in the range of the 
nucleus of mammalian cells (few micrometers). 
Secondly, since the cellular volume may be 

approximated by a cylindrical shape, it is required to 
fix a sensitive size of the microsensor with a well-
defined cylindrical volume [1].  

One of the fields with more microdosimetric 
applications is radiation therapy. Radiotherapy (RT) 
is a type of cancer treatment where the tumors are 
irradiated with ionizing radiation while keeping the 
organs at risk (near the tumor) within a tolerable 
dose. RT has achieved great success in the cure or 
palliation of various cancers (alone or in combination 
with chemotherapy, surgery, or both). However, 
there are very radio-resistant tumors that may be 
treated more effectively using radiotherapeutic 
modalities based on the use of particles with high 
linear energy transfer (LET). These are included 
within the category of hadron beam therapies that use 
protons and heavy ions such as carbon, helium, 
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oxygen, etc. Hadrontherapy has several advantages 
over conventional radiotherapy [2]: it has a higher 
radiobiological effectiveness (measured in terms of 
the relative biological effectiveness, RBE [3]) and 
provides more conformal dose distribution to the 
target allowing a greater preservation of the health 
tissue immediately surrounding the tumor volume. 
This is possible because the density of ionization 
which produces an ion beam is greater than that 
generated by photons, especially at the end of the 
range of such particles (Bragg peak) [4]. In 
radiotherapy, the treatment planning system (TPS) is 
used to determine the dose distribution to be applied 
to a tumor volume. In the case of hadrontherapy, the 
TPS is hampered due to the strong influence of the 
structure of the trace on the therapeutic effectiveness. 
Treatment with non-optimized biological  
dose (= dose x RBE) may lead to serious side effects 
to the patient, such as loss of functionality of tissues 
or even secondary tumors induced by radiation. The 
main objective of this work is to develop a novel 
microdosimeter to carry out microdosimetric studies 
in order to improve the treatment of cancers  
using hadrontherapy.  

Drawing upon the idea proposed by Parker, et al. 
[5] for processing columnar electrodes within the 
semiconductor substrate instead of being implanted 
in the surface to manufacture radiation detectors, the 
Spanish National Center of Microelectronics  
(IMB-CNM, CSIC) has developed and increased this 
3D-concept of radiation solid-detectors for the last 
years. Actually IMB-CNM has proposed new designs 
of 3D technology for radiation detectors to be used in 
different research fields, e.g. plasma diagnostics [7], 
high-energy physics [8], or neutron detection [9] 
among others. Most of them are based on three-
dimensional diodes (3D columnar structures with PN 
junctions) on SOI silicon wafers fabricated with 
optimized micromachining techniques. These 
detectors [7, 9] have a sensitive volume of silicon of 
few microns thick (Fig. 1) that makes the 
contribution of direct interactions of photons in 
silicon negligible at high energies, their membrane 
structure avoids the backscattering contributions 
from the supporting silicon wafer and the 
confinement of the electric field given by the 
columnar electrodes reduces charge sharing. All 
these characteristics could make the 3D devices 
useful to be applied in microdosimetry. Based on 
these 3D diodes, but extending its initial 
configuration, we propose a microdosimeter formed 
by a matrix of independent microsensors (simulating 
each cell) with well-defined micrometric cylindrical 
shape and with a volume similar to those of cellular 
structures (Fig. 2a). In order to achieve this,  
IMB-CNM has developed a new type of three-
dimensional diode with cylindrical etchings that 
match the sensitive volume (SV) that simulates a 
cellular structure (Fig. 2b). Hence, when a particle 
passes through the microsensor of the silicon, it 
ionizes the matter and creates free electron–hole  
(e–h) pairs that are proportional to the deposited 

energy transmitted by the radiation to the silicon. 
This energy, ε, divided by the 'mean cord length' of 
the cylindrical diode, i.e.  

 

S

V
l 4=
−

, (1) 

 

where V is the volume irradiated of the microscopic 
target and S is the area of such volume area,  
defines the associated stochastic linear energy (y) in 
an irradiated microvolume: 
 

−=
l

y
ε , (2) 

 

which is the microdosimetric magnitude that would 
allow us to generate biophysical data (e.g. Linear 
Energy Transfer (LET), Relative Biological 
Effectiveness (RBE) or dose equivalent) needed for 
radiation effect models used in radio/hadrontherapy 
treatment planning software. 

 
 

 
 

Fig. 1. (a) SEM image of a cross–section of 290 µm-thick 
support wafer and the 10 µm–thick high resistivity n–type 
active silicon with the columnar electrodes distributed 
along the top surface. The amplified image is a columnar 
electrode of 10 µm-thick. (b) View of the front–face with 
the metal strips that connect the columnar electrodes of the 
same type. 

 
 

2. Microdosimeter Fabrication and Result 
 
We have proposed and manufactured a novel 

microdosimeter as the base detector for this 
microdosimetric application [9, 10]. 
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Fig. 2. (a) Scheme of a microdosimeter, with an array of 
10x10 microsensors, manufactured in a SOI wafer whose 
support piece is etched. (b) Sketch of a simplified cell and 
unit-cell (microsensor) of the microdosimeter with a 
volume equal to the average size of the cellular tissue to be 
irradiated. 

 
 

These devices are fabricated on three types of 
SOI wafers with a high resistivity n-type substrate 
and with active volumes of 6, 10 and 20 μm, thick for 
each type of wafer. The collecting electrodes are 
columns etched through the silicon instead of being 
surface implants like in the standard planar diodes, 
which allows a much lower capacitance and thus a 
lower electronic noise compared to a planar sensor of 
the same thickness. The sensors are designed at IMB-
CNM (CSIC) and fully fabricated at the Institute’s 
clean room facilities. Fig. 3 shows the 
microdosimeter layout where the p-and-n electrodes 
and the metal strips that connect them with the 
contacts are displayed: the p-electrodes have a 4 μm 
diameter and it is surrounded by holes-n annulus of 3 
μm thick with 6, 10 and 20 μm depth (for each type 
of wafer) distributed in a square geometry. A wafer 
contains microdosimeters with 25, 50, 100 and 
200 μm pitches (P, distance between p-columns) and 
with internal diameter (D) 9, 10, 15, 20 and 25 μm, in 
order to include a greater number of cell distribution 
and sizes. The p–type electrode is circular and an 
ionic implantation with boron (p+) is performed. A 
cylindrical annulus is etched using the deep reactive 
ion etching (DRIE) technique, then it is partially 
filled with polysilicon doped with phosphorus (n+) to 
form the p–n junction. The top of the holes is 
metalized with aluminum and each electrode is 
connected with an aluminum line to provide the 
electrical contact. 

Each microdosimeter consists of 121 independent 
microsensors arranged in a square matrix. 

 
 

(a) 

 

 
 

(b) 

 
Fig. 3. (a) Sketch of the one microsensor layout (not to 
scale). The n-type and p-type holes are connected with 
metal lines. (b) Sketch of two microsensors at a distance P. 

 
 

Three main types of detector structures were 
performed: pad (pixel-array detector), strip and pixel 
detectors. The simplest configuration is the pad-
detector in which all n+ electrodes are connected to 
the n+ contact on one side of the sensor while all p+ 
electrodes were connected to p+ contact on the 
opposing side, thus collecting the whole charge in all 
the unit-cells or sensitive volumes. In the strip 
configuration, consecutive p-type electrodes are lined 
up, resulting in a strip of connected microsensors in a 
row. In the pixel configuration, although is 
customarily bump-bonded to the readout electronic 
chip in flip-chip fashion, in this design each 
microsensor is routed through a metal line to a 
connecting pad for microstrip readout electronics to 
make readout easier. Etching the support silicon of 
the SOI wafer from the back side with pattering on 
this side is expected to make microsensors thinner for 
the three configurations aforementioned. Fig. 4 
shows two SEM images of a processed wafer which 
contains some pixel microsensors. Microdosimeters 
are connected to an appropriate readout electronics 
system to carry out the experimental tests. Results of 
the electrical characterization of the first pad-type 
prototypes are shown in Section 3. 
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Fig. 4. (a) SEM image of the top-view of a microdosimeter 
with 9 μm diameter, 100 μm pitch and 6 μm thick. (b) SEM 
image of the top-view of one manufactured microsensor 
equal to that designed in the Fig. 4 a. 
 
 
3. Electrical Characterization  
 

An initial functional testing was performed on 
wafer. The current versus reverse voltage 
characteristics of the diodes fabricated were obtained 
with a semiautomatic probe station and a HP4155 
Semiconductor Parameter Analyzer. Fig. 5 shows the 
results for some pad-type microsensors. These pad-
type microdosimeters have one readout channel, a 
total area of 2000 x 2625 μm2 and its microsensors 
are distributed in a square grid of 11 x 11 pixels.  
The I-V curves show typical diode behaviour. The 
devices are fully functional as they can be biased up 
to reverse voltages higher than full depletion (<1V) 
and the leakage currents are low.  

 
 

4. Conclusions 
 

Innovative microdosimeters based on  
3D-cylindrical structures with 6, 10 and 20 μm thick, 
and varying dimensions and pitches, i.e. 9, 10, 15, 
20, 25 μm of internal diameter and 25, 50, 100 and 
200 μm pitches, have been successfully fabricated. 

This first generation of pad-type microdosimeters 
based on an optimized 3D-cylidrical structure to 
create microsensors show the feasibility for down to 
the level of the average cell size, and thus providing a 
closest measurement of silicon ∆E.  

Future studies will be soon carried out at the 
Perelman Center for Advanced Medicine (University 
of Pennsylvania), which provides proton beam for 
clinical research proposals. The use of these 3D 
microdosimeters could enhance the accuracy of RBE 
calculations normally affected by the inherent 
uncertainty of Monte Carlo simulations due to the 
approximation of material composition and energy 
dependent physical laws involved in such 
calculations. The effect of such approximations will 
be assessed by comparison with absolute 
measurement of radiation quality parameters.  

 
 

 
 

Fig. 5. Current-voltage characteristics of some pad-type 
microdosimeters in one of the fabricated wafers. 
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Abstract: A new measurement system with high sampling rate and large storage capacity was developed to 
measure the electrical discharge grinding of polycrystalline diamond materials. The system was able to record 
the process continuously for more than 2 hours by using the Type 0 Redundant Array Independent Disks. A 
series of cutting tests were conducted to analyze the grinding characteristic in grinding polycrystalline diamond 
materials. Experimental results demonstrated that the input pulse energy was unstable at the beginning of the 
erosion process; those crater morphology and distribution were influenced by the pulse off time and the debris 
existing time. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 
With the advance of material technology, more 

and more composite material and titanium alloys are 
used in commercial and military aircrafts to reduce 
the weight and facilitate part consolidation [1-2]. Due 
to the special physical structure of composite material 
and the low thermal conductivity of Titanium, both 
materials are difficult to machine with conventional 
cutting tools made of tungsten carbide. Recently 
Polycrystalline diamond (PCD) has been successfully 
applied in aerospace industry as a new cutting tool 
material. However, because of the hardness of 
diamond particles sintered inside the PCD, the 
efficiency to grind PCD tools with traditional 
abrasive grinding machines is extremely low. The 
Low G ratios, high cutting force, and high wheel  
cost pose a significant challenge to the production of 
PCD tools. 

Electric Discharge Grinding (EDG) is a non-
contact thermal erosion process in which the metal is 
removed by a series of recurring electrical discharges 
between the rotating electrode and the electrically 
conductive workpiece, in the presence of a dielectric 
fluid. The electric conductivity of PCD caused by the 
conductive binding material (Cobalt) makes it 
possible to grind PCD tools with EDG technology. 
However, as PCD is a relatively low bulk 
conductivity material, the discharging characteristics 
of PCD are different from conventional tool material 
such as Carbide or Carbone Tungsten. Theoretically 
short ignition delay time, high voltage, smaller 
current and high frequency (short On-Time) should 
be applied to achieve better surface quality. Since the 
discharge occurs in a voltage gap between the 
electrode wheel and the workpiece, it is critical to 
keep the gap distance constant to minimize the 
number of abnormal sparks such as arcing and 
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short/open circuit. In practice the performance of the 
servo control system plays a critical role in reducing 
the occurrence of abnormal sparks, the optimized 
machining parameters can only be determined 
through measurement based the discharging 
characteristics of the PCD workpiece. Therefore, it is 
important to investigate the discharging 
characteristics of PCD with a reliable measurement 
system and find their impacts on gap width, material 
removal rate and surface finish. 

Thoe, et al. [3] investigated the EDG effects on 
PCD blanks with various pulse parameters which 
included pulse on time, peak current, polarity and the 
direction of wheel rotation. They found that the small 
pit marks, which were visible on PCD surfaces, were 
resulted from the dislodgement of diamond grains. 
The large electrical current would cause poor surface 
finish because the removal of electrical conductive 
binding material (Cobalt) led to the loss binding 
forces and the diamond particles were thereafter 
dislodged. Also, many approaches to monitor the 
electrical discharge machining (EDM) process have 
been developed by different researches. For example, 
Dauw, et al. [4] developed an on-line measurement 
system to discriminate pulses with preset values. 
Their 8-bit A/D converter was able to acquire pulses 
at a sampling frequency of 10 MHz although the 
pulse discriminator could merely categorize 512 
successive pulses online. Alternatively, some 
researchers have used oscilloscopes to measure the 
EDM process. For example, Janardhan, et al. [5] 
investigated the wire electro discharge turning 
(WEDT) process; Tee, et al. [6] measured the EDG 
process by recording both gap voltage and current 
waveforms simultaneously at a sampling frequency 
of 2.5 GS/s. The benefits of this method are the high 
sampling rate and its support for off-line analysis. 
Yet the limitation is the small onboard memory 
which becomes quickly full within a short period of 
time: the acquisition of pulses has to be paused to 
store the data to hard disks through Ethernet or GPIB 
bus. In Tee's experiment, only EDG pulse data of 
10 ms time length could be recorded in every 
5 minutes. This indicates that the data of the entire 
EDM process, which may last 2 - 30 minutes, cannot 
be fully recorded. The third method is to measure the 
data directly with computers. Wong, et al. [7] 
developed a computer-based integrated measurement 
system to process the digitized voltage waveforms of 
EDM; Yeo, et al. [8] used a similar measurement 
system with more powerful digitization capability 
and larger memory to monitor both voltage and 
current signals of a micro-EDM process. The 
advantage of their method is that EDM processes can 
be permanently recorded into a computer for the 
systematical comparison among multiple 
experiments. But the drawback is that the entire EDM 
processes cannot be completely captured because the 
EDM processes digitized with high sampling rates of 
1 MHz have much more pulse data than what the 
computer can acquire with the short and fixed data 
memory. Although many systems have been 

developed, unfortunately, none of them has the 
capability to continuously record EDM pulses for a 
long duration of time, which is essential for the in-
depth quantitative analysis of EDG erosion process to 
machine PCD tools.  

The paper introduced the architecture of a new 
measuring system with high speed data streaming 
functions, which is capable to measure the EDG 
process continuously for up to 2 hours with a 
sampling frequency of 1 MHz. A series of 
experiments were carried out to investigate the 
discharging characteristics of PCD materials by 
relating the energy input to the material removal rate 
and surface finish. Monitoring the entire EDG 
process, the new measurement system uncovered the 
fluctuation of EDG input energy and gave the 
direction of EDG efficiency improvement. 

 
 

2. Structure of the Measurement System 
 
An EDG machine normally comprises four 

integrated parts: a multi-axis computer numerical 
control (CNC) system, a spindle system, a pulse 
generator system to supply electrical energy to erode 
the work piece, and a dielectric circulation system to 
flush debris and cool down the dielectric fluid. The 
dielectric continuously flows through the gap 
between the electrode and the PCD work piece. The 
proposed system used to measure the EDG process 
for PCD erosion is shown in Fig. 1. 

Because of the difference in the size of diamond 
particles and the variation in the proportion of 
binding materials, different PCD material shows 
different electrical and mechanical properties.  
Table 1 shows the properties of the commercial PCD 
material made by Compax Innovation [9]. Based on 
the experiments and various grinding operations, the 
ranges of suitable machining parameters for the 
grinding of PCD are listed in Table 2. 

The system to collect EDG discharge data is 
illustrated in Fig. 2. The system consists of a high-
bandwidth data acquisition sub-system, data transfer 
sub-system, a group of Type 0 Redundant Array 
Independent Disks (RAID 0), probes and amplifiers.  

The data acquisition system includes a digitizer 
card with an analog-to-digital converter (ADC), a 
transfer controller with on-board memories, and a 
hard disk controller. The chips on the ADC digitize 
the continuous voltage data at a sampling speed of up 
to 2 G/s and the data is directly written into the on-
board device memory. A CPU on the transfer 
controller board is responsible for selecting the data 
in the device memory and transferring it to its own 
memory through PCI and I/O bus. The size of the 
downstream memory in the transfer controller is 
usually bigger than the device memory. The CPU 
divides the transfer processes into two loops: the first 
loop is to send the data in the device memory on the 
digitizer board to a queue; the second loop is to read 
the data from the queue and write it to the memory of 
the transfer controller. In order to prevent the read-
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write race conditions, the queue structure is executed 
with the first-in-first-out (FIFO) scheme: the de-
queue sequence of the second loop to transfer these 
data is the same as the loading order in the first loop. 

 The storage capacity of commercially available 
hard disks can be as high as 2 terabytes per disk. It 
would be sufficient for the application should multi 
disks be applied. However, the bottleneck problem of 
low transfer rate of hard drives could bring down the 

entire data recording rate in the EDG process. 
Therefore, a group of redundant array of independent 
disks was employed: the data can be evenly 
distributed to many strands, which are written into 
multiple hard disks, as shown in Fig. 2. By using this 
approach, the new measurement system is able to 
continuously record the EDG discharging data to 
hard disks at a sampling rate of up to 600 MB/s for a 
long duration. 

 
 

 
 

Fig. 1. Block diagram of EDG measurement system. 
 
 

Table 1. Properties of Compax PCD materials. 
 

No. PCD 
Grain 

size (μm)
Cobalt  

(% Vol) 
Density 
(g/cc) 

Knoop 
hardness 
(kg/mm2) 

Electrical 
resistivity  

(ohm-mx 10-2) 

Thermal 
conductivity 

(W/mk0) 

Transverse 
rupture 
strength 
(GPa) 

1 1600 4 10 4.1 400 1.5 500 1.7 
2 1300 5 8 4.0 400 2.0 525 1.4 
3 1500 25 6 3.9 400 4.0 600 0.8 
4 1800 25&4 5 4.0 400 4.5 600 0.9 

 
 

Table 2. Specifications of EDG machines for PCD erosion. 
 

No. Item Range Unit 

1 Pulse current 0.1 – 30 A 
2 Open circuit voltage 10 - 300 V 
3 Pulse ON time 1 - 1000 μs 
4 Pulse OFF time 1 - 1000 μs 
5 Polarity Positive/Negative  
6 Wheel material Copper tungsten  
7 Wheel diameter 20 - 150 mm 
8 Wheel speed 1 - 15 m/s 
9 Wheel runout 1 μm 

10 CNC axis ≥4  
11 CNC speed 0.1 - 1000 Mm/s 
12 CNC position repeatability 0.1 μm 
13 Dielectric flow rate 2 - 20 l/min 
14 Dielectric grain size ≤1 μm 
15 Dielectric Hydrocarbon oil  
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Fig. 2. Architecture of numerous EDG pulse  
data acquisition. 

 
 
The probes are used to measure current and 

voltage in the system. The amplifiers convert the 
current signal to voltage or just attenuate voltage 
signals to match the input range of the digitizers. 

Because the voltage signal in the EDG process 
can be up to 300 V and the frequency can be as high 
as 1 MHz, an active voltage probe with high 
impedance was integrated into the measurement 
system to minimize its impact on the EDG gap 
voltage. The amplifier of the probe has the capability 
to isolate the EDG circuit from the measurement 
system and attenuate the voltage to the range of the 
digitizer. A differential probe and amplifier are 
preferred to filter the common-mode noise out of the 
differential signal with the high rejection ratio. The 
voltage probe can measure the maximum voltage of 
2000 V_RMS with a bandwidth of 200 MHz. 

The EDG is a thermal process, according to Joule 
heating effects [10]. It is needed to analyze the EDG 
thermal energies. Therefore the current probe in the 
system is included with the transformer technology 
to measure alternating currents and use Hall Effect 
sensors to measure the DC and low frequency 
components of the pulse current. The advantage of 
this method is that the current probe does not directly 
connect to the EDG circuit and no additional error is 
introduced into the measurement. The bandwidth of 
the probe is 50 MHz and its amplitude is 50 A. 

The EDG data was analyzed by using programs 
developed with Matlab. As shown in Fig. 3, the 
program consists of two loops. The detailed steps in 
the two loops are listed as follows: 

1. Initialization of the software with preset 
thresholds of voltage and current for the detection of 
start time of pulse ignition, stop time of each pulse, 
and arc identification. 

2. Read one batch of voltage and current data to 
the memory. 

3. Convert all the raw data to ASCII format. 
4. Identify the new pulse and its sequential order 

by comparing the voltage to the threshold of  
ignition voltage. 

5. Identify the start time and stop time of the 
pulse and calculate the pulse on time, off time, 
ignition delay time and period. Save them into  
the arrays. 

 
 

 
 

Fig. 3. Flow chart of EDG data analysis. 
 
 

6. Calculate and save the mean voltage, mean 
current and total energy per pulse to arrays. 

7. Categorize the pulse type by comparing pulse 
voltages to the threshold. 

8. Repeat above sequences until the last pulse in 
this batch. 

9. Repeat above calculation from Step 2 until all 
EDG data is processed. 

10. Plot the mean voltage, current and energy and 
save all arrays to hard disks. 
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3. Implementation of the Measurement 
System 

 

A measurement system with fast sampling rates 
and huge data storage capability has been 
implemented. The gap voltage of the EDG machine 
(Fig. 4) was directly measured by a high voltage 
differential probe (Tektronix P5200).  

 
 

 
 

Fig. 4. EDG experiment setup. 
 
 

The pulse peak current was detected by a split-
core current probe and was converted to a 
proportional voltage. The subsystem includes a 
Tektronix current probe (TCP305A) and a Tektronix 
amplifier (TCPA300). The signals were collected by 
digitizer card (National Instruments PXIe-5122), 
which has two analog input channels with 14-bit 100 
MS/s sampling rate. The NI PXIe-8199 embedded 
controller with Intel Core i7-3610QE processor 
transferred these data through NI 8264×4 cabled PCI 

express module at the writing rate of 600 MB/s to 
RAID 0 array of twelve 250 GB SATA II hard disks, 
which were in the NI HDD-8264 enclosure. The host 
computer with 32 GB memory processed those EDG 
data by using the Matlab programs to count the entire 
pulse numbers, current and voltage curve, delay time, 
on time, pulse time and total energy of each pulse. 
The arcing and open/short circuits could also be 
identified by the ignition voltage level method or the 
burning voltage threshold method [11-12]. The 
statistical characteristics of the entire process were 
further analyzed by using another Minitab program. 

The CNC controller measured the wheel speed 
driven by EDG spindle and the change in the 
dimension of the PCD workpiece caused by EDG 
erosion. The material removal rate was calculated 
with the change of workpiece length over 
experimental time. By controlling the pulse number 
and using extreme long pulse off time, single craters 
on the PCD work piece had been created. 

Instead of the Taylor Hobson profilometer used 
by [13], an Alicona IF-Edgemaster 3D microscopy 
was used to evaluate the roughness of the finished 
PCD workpiece. The topographical information of 
the workpiece was obtained by the focus-variation 
technique, which combined the small depth of focus 
of an optical system with vertical scanning to provide 
the 3D information from the variation of focus [14].  

The advantage is to prevent the finished PCD 
work piece from scratching because the microscopy 
does not directly touch its surface. The 3D image of 
the surface (Fig. 5) was stored in the 
stereolithography format and further exported to a 
host computer to analyze the volume and 
morphology of each individual crater. 

 

 
 

 
 

Fig. 5. Six craters on the PCD surface. 
 
 

4. Experimental Results and Discussions 
 
More than 200 experiments were carried out to 

investigate the discharging characteristics of PCD 

blanks. The voltage and current waveforms of 
100 kHz in the EDG process were simultaneously 
discretized and recorded on the hard disks at the 
sampling rate of 1 MS/s. Fig. 6 shows a section of 
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the waveforms of the discharge current and voltage 
recorded in one of the experiments.  

The PCD strip (CMX850, Element Six) of 95 µm 
were removed in 107 seconds and 234 million pulses 
were recorded. The shapes of the current were 
similar but the shapes of the voltage, particularly the 
ignition delay time, exhibited a big variation. This 
indicates that arcing and low efficient pulse with 
longer delay time occurred more frequently. 

 
 

 
 

Fig. 6. EDG pulse voltage and current waveform. 
 
 

One reason that might lead to such a phenomenon 
was the poor machining parameters or the slow 
response of the servo system in compensating the gap 
distance. Other possible reasons were related to the 
poor flushing and the accumulation of debris.  
Fig. 7 shows the trend of the mean values of the 
voltage and current in the first 10000 pulses  
of this experiment.  

 
 

 
 

Fig. 7. EDG mean voltage and current trend. 
 
 

A total of 1,048,576 pulses was obtained, the 
distribution of the voltage and current of all pulses 
are shown in Fig. 8 and Fig. 9, respectively. Two 
peaks are shown in both figures: the main peak 
depicts the efficient pulses and the low peak 
represents the arcs. 

Experimental results also show that it is necessary 
to measure both voltage and current of pulses 
because the pulse current may change dramatically 
when there was no change in the preset cutting 
parameters. It was found that some pulses had big 
electrical currents, which were three times higher 
than normal pulses (Fig. 10). The phenomenon 
happened because of the different electrical 
conductivities between the PCD and the tungsten 
carbide substrate on the PCD blank. When the 
discharge took place at the interface between the 
PCD and the carbide, the low electrical resistant of 
the carbide caused high current. 

 
 

 
 

Fig. 8. EDG voltage distribution with the pulse  
of 1048576, the mean of 12.32A and the standard deviation 

of 1.95 V. 
 
 

 
 

Fig. 9. EDG current distribution with the pulse of 1048576, 
the mean of 21.71 V and the standard deviation of 0.25 A. 

 
 

 
 

Fig. 10. The high current pulses during the PCD grinding. 
 
 

As shown in Fig. 11, the mean of the pulse on 
time is 12.26 µs. It is nearly equal to the preset on 
time of 10 µs. Its standard deviation is so small that 
the on time can be considered as constant. So is the 
pulse off time with the given value of 20 µs. 
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However, Fig. 12 shows that there is a big variation 
in the pulse periods, which indicates the big variation 
of the ignition delay time. Many factors, for instance 
the bandwidth of the servo system, the dielectric 
flushing and the wheel speed, have big impacts on 
the delay time. 

 
 

 
 

Fig. 11. EDG ON time distribution with pulse of 1048576, 
mean of 12.26 μs and standard deviation of 0.79 μs. 

 
 

 
 

Fig. 12. E DG discharge period distribution with pulse  
of 1048576, mean of 43 μs and standard deviation  

of 46.8 μs. 
 
 

With the availability of the values of voltage and 
current, which were obtained by the proposed 
measurement system, the total energy per pulse  
in the EDG process can be calculated with the 
following equation: 

 


=

=
n

j
jjj tIViE

1

)( δ , (1) 

 

where )(iE  denotes the total energy per pulse;  

jV  and jI are the voltage and current of a sampling 

point; jtδ  is the time interval of the sampling point. 

The energy of 1,048,576 pulses in the experiment 
was calculated. The data of the first 10000 pulses is 
shown in Fig. 13. A big fluctuation of discharge 
energy at the beginning of the EDG process can be 
observed. This fluctuation was caused by the 
transient from the open circuit period with the 
voltage of 120 V to the normal erosion period with 
the gap voltage of around 20 V. 

Fig. 14 presents the distribution of the total pulse 
energy in the experiment. It can be seen that two 
peaks exist: one represents the normal pulse with the 

mean energy of 3200 µJ and the other is for the arc 
with the mean energy of around 2200 µJ. This 
indicates that the finished PCD roughness can be 
improved by minimizing the number of arcs, which 
belong to the abnormal discharges and can destruct 
the surface of workpiece.  

 
 

 
 

Fig. 13. EDG pulse energy waveform. 
 
 

 
 

Fig. 14. EDG pulse energy distribution with 1048576 
pulses (unit: μJ). 

 
 

As shown in Fig. 15, there are fluctuations in the 
output pulse energy: the peak-to-peak amplitude is 
around 2800 µJ and the mean is around 3000 µJ 
when the wheel speed was 5 m/s, the pulse on time 
was 10 µs and the pulse off time was 20 µs.  

 
 

 
 

Fig. 15. EDG pulse energy oscillation. 
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The fluctuation of the pulse energy output is 
related to the periodic gap variation, which is caused 
by the high speed rotating wheel. The existing CNC 
servo system shows the slow response and cannot 
compensate the quick gap variation, which is caused 
by the repeatable run-out of the rotating wheel with 
the linear speed of around 1.8 m/s. The high 
bandwidth servo system can be used to compensate it 
to improve the EDG removal rate. 

 
 

5. Conclusions 
 

The architecture of a new measurement system 
with high sampling rates and large storage capacity 
was developed to measure the entire EDG process. 
Considering the parameters of the EDG machine, a 
series of experiments were conducted to investigate 
the PCD erosion processes and the following 
conclusions have been drawn: 

1. The voltage and current waveform of the entire 
EDG process with long duration can be continuously 
recorded by the new measurement system. This 
allows offline investigation of the entire PCD erosion 
process, including the initial period from the open 
circuit to the erosion, roughing operation, the 
transition period, and finishing operation. 

2. Different from the single voltage measurement 
system, both the voltage and current signals of PCD 
erosion processes need to be measured to improve 
tool surface quality. The high current of the 
discharges may cause higher depletion of material at 
the interface of diamond and tungsten carbide. 

3. A big fluctuation of the EDG pulse energy 
exists at the beginning of the erosion. 

4. The pulse energies of the EDG process show 
oscillation. It is related to the rotation of the electrode 
wheel and the gap width changes in the periodical 
way during the EDG process. 
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Abstract: This paper states the importance of determining the muzzle leaving time of guns with a high degree 
of accuracy. Two commonly used methods are introduced, which are the high speed photography method and 
photoelectric transducer method, and the advantage and disadvantage of these two methods are analyzed. 
Furthermore, a new method to determine the muzzle leaving time of guns based on the combination of high 
speed photography and synchronized trigger technology is present in this paper, and its principle and uncertainty 
of measurement are evaluated. The firing experiments shows that the present method has distinguish advantage 
in accuracy and reliability from other methods. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 
The conception of muzzle leaving time is defined 

as the time when the projectile leaves muzzle of a 
firing gun. This parameter plays an important role in 
many research fields, such as gun’s firing accuracy 
analysis, gun’s dynamics analysis and gun’s test and 
measurements. When studying the factors that 
influence the gun’s firing accuracy, such as the initial 
disturbance of the muzzle and the projectile’s in bore 
movement rule, the muzzle leaving time is needed. 
When analyzing the structure response of guns, 
dynamics, the muzzle leaving time has essential 
effect on gun’s vibrate dynamic module [1-4]. 
Besides, in gun’s firing test, many parameters, such 
as the shock wave of the blast, the displacement and 
the velocity of gun’s organ, need the unified 
benchmark to record the time process. Therefore, 
acquiring the precise value of muzzle leaving time 

has important guiding significance and great 
engineering application value. 

 
 

2. The Commonly Used Methods  
of Muzzle Leaving Time 
 
Several methods are commonly used in the gun’s 

research field all over the world, such as the muzzle 
cord on-off method, photoelectric transducer method, 
and the high speed photography method [5]. The 
muzzle cord on-off method is universal and primeval, 
in which a cord of copper line is bound at the center 
of end muzzle surface of a gun, and DC current flows 
through the cord. When the gun fires, the cord is 
broken by the projectile’s head, the DC current is cut 
to zero and a sudden voltage altar may occur in the 
circuit, thus voltage altar indicating the muzzle 
leaving time. The trait of this method lies in its 

http://www.sensorsportal.com/HTML/DIGEST/P_2555.htm
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simplicity and convenience, but it is vulnerable to the 
leakage gas of the muzzle, and t in many cases, the 
cord is broken by the gas before the projectile reaches 
the muzzle, so the use rate of this method is 
decreasing. Another adopted method in abroad is 
muzzle pressure method. In this method, by clamping 
a pressure probe to the gun tube approximately  
50 mm from the first muzzle brake exit vent [6], the 
pressure signal is provided to determine the muzzle 
leaving time. This method requires excellent shock 
wave protection which is hard to be fully meet. 
Currently, the photoelectric method and high speed 
photography method are two mainly used methods. 

 
 

2.1. Photoelectric Transducer Method 
 
The principle of photoelectric transducer method 

is based on photoelectric transformation. The 
photoelectric transducer is composed of lens, 
photosensitive unit, and signal processing circuit. Its 
principle diagram is shown in Fig. 1. When 
measuring, the transducer is located apart from the 
gun and directly facing the muzzle, the image of the 
muzzle is clearly focused on the photosensitive unit 
by adjusting the focal of lens. When the gun fires and 
the projectile leaves the muzzle, the fire light or the 
heavy smoke may cause the changes in the number of 
the photoelectron on the photosensitive unit, hence 
producing a voltage signal to indicate the muzzle 
leaving time. 

 
 

 
 

Fig. 1. The principle sketch of electric transducer 
method. 1 - gun tube, 2 - fire or smoke, 3 – projectile,  

4 – lens, 5 - observation window,  
6 - photosensitive unit. 

 
 

The trait of this method lies in its simplicity in 
operation. Since either firing flame or muzzle smoke 
can cause obvious signal, the sudden change of the 
signal caused by the firing flame is used to determine 
the muzzle leaving time. The muzzle photoelectric 
signal obtained by the photoelectric transducer is 
shown in Fig. 2, in which the point A indicates the 
muzzle leaving time. 

 
 

Fig. 2. The muzzle photoelectric signal obtained  
by the photoelectric transducer. 

 
 

However, the method also has its inherent fault. 
Since the occurring time of muzzle firing flame is 
different depend on the type of gun, the feature point 
of muzzle leaving time is different. For example, 
some 120 mm gun’s firing flame occurs after the 
projectile flies apart from the muzzle, as shown in 
Fig. 3, and some 155 mm gun’s firing flame occurs 
when half of the projectile is still in bore, as  
shown in Fig. 4. 

 
 

 
 

(a) The muzzle smoke 
 

 
 

(b) The end of the projectile leaving the muzzle 
 

 
 

(c) The muzzle firing flame 
 

Fig. 3. The process of projectile passes through  
a 120 mm gun muzzle. 
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(a) The projectile goes out the muzzle 
 

 
 

(b) The muzzle firing flame 
 

Fig. 4. The process of projectile passes through  
a 155 mm gun muzzle. 

 
 

Besides, the rising edge of the signal of the 
transducer is about 1.5 ms, as shown in Fig. 2, thus 
the specific location of muzzle leaving time on the 
curve is hard to accurately determine. In this method, 
the resolution of muzzle leaving time is in ms 
magnitude and it makes little sense. 

 
 

2.2. High Speed Photography Method 
 
As the sampling rate of the high speed 

photography increases, a method based on high speed 
photography it is widely used to determine muzzle 
leaving time in recent years. The principle of this 
method is shown in Fig. 5. 

 
 

 
 

Fig. 5. The sketch of high speed  
photography method. 

In the test, the high-speed photography is placed 
in the right place on the side of the gun, and its lens 
focus on the muzzle. A switch for the trigger of the 
high speed photography is connected to the data 
recording machine. During the firing, the switch 
triggers the high speed photography and the switch 
signal is transferred to the data recording machine at 
the same time. By subsequent image processing, the 
passing frame number between the trigger time and 
the muzzle leaving time is numbered as s, suppose 
the frame sample rate is f, thus the interval between 
the switch time and the muzzle leaving time is 

determined as 
1

( 1) /t s f  . The sketch is shown  

in Fig. 6. 
 
 

 
 

Fig. 6. The sketch of the relationship between  
the muzzle leaving time and the trigger time. 

 
 

The precision of the high speed photography 
method are subject to two main factors. One is the 
frame sample rate; another is the time resolution of 
the trigger switch. Under the field condition, the 
maxim frame sample rate can be set at 10 thousand 
frames per second, that is, the time resolution can be 
controlled within 0.01 ms, which can meet the need 
of measurement accuracy. However, the precision of 
trigger switch is difficult to be conveniently 
controlled. Since the usual trigger switch is designed 
to switch between on and off state by a mechanism 
device, the corresponding signal is not a clean step 
signal, which usually has intermittent up and down 
edges. As shown in Fig. 7, the twitters can last more 
than 10 ms, thus the muzzle leaving time is hard  
to determine.  

Even though some newly developed high speed 
photography can send its regulated trigger pulse 
when being triggered, this trigger pulse also has some 
twitters under the field condition, so further efforts is 
needed to improve the time precision. 
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Fig. 7. The trigger signal of on-off switch. 
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3. A New Method to Determine the 
Muzzle Leaving Time of Guns 
 
Based on the photoelectric transducer and high 

speed photography, and with the application of 
synchronized trigger technology, an accurate method 
to determine the muzzle leaving time of guns is 
present in the paper. The prime instruments for the 
new method include the photoelectric transducer, the 
high speed photography, and a synchronous device.  
The synchronous device is developed by the project 
group in which the author of this paper is involved.  

 
 

3.1. The Synchronous Device 
 
In order to precisely acquire the muzzle leaving 

time of guns, a synchronous device is designed to 
receive the photoelectric signal which is transformed 
by photoelectric transducer. In the gun test, a 
photoelectric transducer is located apart from the gun 
and directly facing the muzzle and its output signal is 
transferred into the synchronous device. Before the 
firing, the light level of background is turned into 
corresponding voltage level by the photoelectric 
transducer, and is sent to the synchronous device. 
According to this signal level, the synchronous 
device adjusts its trigger voltage level to keep out 
signal stable. When the gun fires, the voltage level of 
the photoelectric transducer surpass the trigger level 
of the synchronous device, and the comparator circuit 
in the synchronous device executes voltage reversal, 
thus triggering the high speed photography and 
sending a step signal to the data recording machine to 
realize the synchronizing.  

 
 

3.2. The Principle and the Implement  
of This New Method 

 
The principle of the present method is shown in 

Fig. 8. In the test, the photoelectric transducer and the 
high speed photography are placed on each side of 
the gun, and both being aimed at the muzzle. When 
the gun fires, the photoelectric transducer executes 
the muzzle flame light-to-electricity conversion. 
Meanwhile, the video movement of the muzzle is 
recorded by the high speed photography. The 
synchronous device is put in the nearby test room and 
is pre-adjusted by testers. When preparation is ready, 
and the all parameters are set, the high speed 
photography starts to circulate recording.  
When the gun fires, the synchronous device receives 
the signal sent by the electric transducer, it 
automatically trigger the high speed photography and 
simultaneously sent the step signal to the data 
acquisition machine. The step signal is as the time 
benchmark for the other electrical measuring signal. 
In the end, the muzzle leaving time is accurately 
determined by the process which is shown in Fig. 6. 

Fig. 9 shows a real step signal and a photoelectric 
signal in a field test.  

 
 

Fig. 8. The sketch of the new method. 
 
 

 
 

Fig. 9. The trigger signal and the photoelectric signal  
of a real gun fire test. 

 
 
The application of the new method avoids the 

reading error, which is caused by the twittering of the 
on-off switch, and ensures the precision of the time 
base. As the muzzle leaving time is close to the 
automatically trigger time, the number of the 
intercept frames can be directly set and fixed,  
thus the workload for artificial interpretation is 
alleviated and the working efficiency is increased. 
Owing to the precise location and good consistence, 
the low-end high speed photography, which has small 
storage capacity, may woks at a rather high speed 
sample rate. 

 
 

3.3. Analysis on the Uncertainty of Muzzle 
Leaving Time 

 

The formula for the muzzle leaving  
time t0 is: 

 

0 2 1t t t  , (1) 
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where t2 is the trigger time, t1 is the interval between 
the switch time and the muzzle leaving time. These 
two parameters are weekly related, it can be 
considered that the correlation coefficient is zero, so 
the variance equation is 

 
2 2 2

0 2 1( ) ( ) ( )cu t u t u t   (2) 
 

The component of uncertainty and evaluation is 
shown in Table 1.  

 
 

Table 1. Component of uncertainty and evaluation. 
 

Para-
me-
ters 

Compo-
nent 

The sources of 
uncertainty 

Dis-
tribu-
tion 

K 
Uncer-
tainty 
(μs) 

1( )u t  
1u  

trigger time of 
synchronous 
device 

uni-
form 3 0.58 

2u  

trigger response 
time of high 
speed 
photography 

uni-
form 3 2.3 

2( )u t  

3u  
resolution of 
frame rate of 
photography 

normal 2 2.5 

 
 

As the components in table1 are independent, the 
combined standard uncertainty is  

 
3

2
0

1

( ) ( )c i
i

u t u


  3.45 (μs), (4) 

 
choosing the confidence level as 95 percent,  
the coverage factor k=2, then the expended 
uncertainty of muzzle leaving time t0 is:  
 

0( )PU t  k× 0( )cu t =7 (μs) (5) 
 

4. Conclusions 
 
Up to now, the new method which uses a 

photoelectric transducer as trigger source to 
automatically trigger high speed photography is the 
highest accurate measurement to determine the 
muzzle leaving time of guns. It is applicable to 
various types of muzzle radius. Based on the recent 
experiment conducted by the projectile group, the 
method is reliable and convenient. Meanwhile, the 
synchronous device can trigger several high speed 
photography simultaneously, and with specifically 
designed photoelectric circuit, it can sent step signal 
to gun’s servo control system, thus a unified time 
base is constructed for all the signals in the gun’s  
test field. 
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Abstract: Analyzes that granite AE signal parameters under uniaxial loading by that way of Pearson linear 
correlation, research that correlation of characterization parameters within that separate group with various 
characteristics, and analyzes that relationship between each parameter and destruction. This study shows that: 
impact, events and ringing are mainly used to describe the damage degree of rock, amplitude characteristics, 
time characteristics and frequency characteristics are mainly used for acoustic emission source properties, and 
energy characteristics can not only be used to describe the damage degree of rock, but also be used to analyze 
the acoustic emission source. That ringing counts are highly interrelated with energy, intensity, duration, RMS 
and ASL have high correlation, a high correlation is in the three parameters of the energy characteristics, and 
there is a higher correlation between the two parameters of the timing characteristics. The correlation between 
the parameters of frequency is very low, and the acoustic emission parameters can't be replaced for each other in 
analysis, which need separate analysis. Characteristics of ringing and energy can be a very good description of 
failure, but failure precursors can't be quantized. However, the amplitude, RMS, ASL, can quantify 
characterization of that precursor of failure, such as the effective voltage value 0.7 V as the precursor of 
destruction, the emergence of amplitude exceeding 95 dB as that destructive precursor. The relationship between 
the timing characteristics and damage is not obvious, so you can't use those parameters analysis that fracture of 
rocks. But those parameters can be used to describe AE source characteristics. The peak frequency, inverse 
frequency and the center frequency can't reflect AE source characteristics, and that average frequency and initial 
frequency can reflect AE source characteristics. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Acoustic emission, Characterization parameters, Correlation, Damage characterization, Frequency, 
Acoustic emission source, Pearson linear correlation. 
 
 
 

1. Introduction 
 

Acoustic emission is that phenomenon that the 
strain energy is released in the form of elastic wave 
when material or component deforms or is damaged 
[1]. With the constant improvement of acoustic 
emission technology, the range of applications is 
increased of through comparison, Mogi [2] studied 
the acoustic emission sequence characteristics of 
natural earthquake and rock samples rupture.  
G. M. Boyce [3] got the historical maximum stress 

value in various rock samples with the method of 
Kaiser effect of rock acoustic emission, and divided 
that brittle rock into four stages before the failure of 
rock. Goodman [4] by sandstone uniaxial loading 
tests found that the Kaiser effect also exists in the 
rock. C. Li and E. Norfund [5] conducted many 
experiments to verify the Kaiser effect of rock 
acoustic emission, and used them to evaluate the 
damage degree of rock. Zhou Xiaoping [6], through a 
large number of experiments, obtained the basic law 
of the cumulative number of AE events and energy 
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rate, and put forward that it is more accurate to use 
the energy rate to determine the stage of deformation 
and failure of rock. Zhao Xingdong [7] through many 
experiments revealed that inner relationship between 
characteristics of acoustic emission and rock failure, 
and went deep into the failure mechanism of rock.  
Xu Jiang [8] and Zuo Jianping [9] with the way of 
acoustic emission studied rock damage evolution law 
of three dimensional space. H. P. Xie [10] studied 
that bedded salt rock failure with acoustic emission 
technique and the space evolution of damage. Liu 
Jianpo [11] researched that process of precut hole 
rocks failure by those characteristics of spatial and 
temporal evolution of acoustic emission. Thus, the 
acoustic emission technique has been widely applied 
in in-situ stress measurement and rock failure 
mechanism etc. The application of acoustic emission 
technique is based on experience or selects several 
AE parameters habitually to analyze problems, and 
analysis of other acoustic emission parameters is very 
limited. In recent years, people found the problem, 
pay attention to it and research in this area started, 
such as Zhang Yanbo, Ji Hongguang [12-16] etc., 
enhanced the research of rock acoustic emission 
signal energy, and frequency. 

In the current study, that minority of acoustic 
emission characterization parameter is mainly applied 
to analysis that rock damage, but we know very little 
about the relationship within the characteristic 
parameters, which is easy to apply two characteristic 
parameter with high correlation to analyze the same 
question and cause repeated study. At the same time, 
it is also easy to cause study respectively. Therefore, 
to study the correlation between acoustic  
emission characterization parameters is instructive in 
the application of acoustic emission technique  
for scientific and choosing reasonable 
characterization parameters. 

 
 

2. Acoustic Emission Characterization 
Parameters 

 

There are a lot of acoustic emission 
characterization parameters and the meaning of each 
parameter characterization is different. If we want to 

research rock damage scientifically and reasonably 
by the way of acoustic emission technology, it is 
most important to make the significance of acoustic 
emission characterization parameters clearly. Hit, 
events, ringing, amplitude, energy, timing, frequency, 
etc. are included in acoustic emission signal 
characterization parameters. The meanings of 
specific characterization are shown in Table 1.  

 
 

3. Correlation Analysis to Acoustic 
Emission Characterization Parameter 

 
3.1. The Production of Experiment 

 

Experiment system is shown in Fig. 1. The  
TYJ-600 type microcomputer control electro-
hydraulic servo rock mechanics testing machine is 
used to load rock specimens. That maximum loading 
force is 60 t. the displacement is under control in the 
process of uniaxial loading, and loading rate is 
0.002 mm/s. PCI - type 2 of 8 channel acoustic 
emission device from acoustic physical companies in 
the United States PAC (physical acoustic 
corporation) is used to collect the acoustic emission 
signal in the process of specimens deformation and 
failure under loading. Four symmetrical NANO 
acoustic emission probes are stuck around the 
specimen, which are used to record the parameters 
and the waveform of acoustic emission events and 
conduct real-time positioning. The size of the NANO 
probe is Ф 8 mm × 8 mm. The value of main 
amplifier gain is set as 40 dB, the threshold value 
40 dB, the resonant frequency of probe 280 kHz, the 
sampling frequency 5×106 times/s. In order to 
integrate probe and specimen closely, smear a layer 
of coupling agent between probe and specimen, the 
acoustic emission probes are fastened with 
transparent adhesive plaster. The surface of granite 
sample is smooth and the both ends are parallel. The 
nonparallelism of the both side of sample is less than 
0.01 mm and upper and bottom side of the deviation 
is less than 0.01 mm. Basic size of sample and 
machining accuracy accord with the standard of  
rock experiment. 

 

 
 

 
Fig. 1. Probe arrangements for PAC acoustic emission testing system and Loading system. 

Loading machine 

Specimen and sensor 

Pressure acquisition 

AE acquisition 
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Table 1. Main acoustic emission characterization parameters and application. 
 

Characterization parameter Meaning The characteristics and uses 

Hit 

Any acoustic emission signal that 
over the threshold and make  
a channel date accumulation is 
called a Hit. 

Reflect the total amount and frequency of acoustic 
emission. It is often used to evaluate activity of 
acoustic emission. 

Event 

Regional change which produces 
acoustic emission in material is 
called an acoustic emission 
event. 

Reflect the total amount and frequency of acoustic 
emission events. It is used to evaluate the source 
of activity and the concentration degree of 
positioning. 

Ringing 
The times of oscillation crossing 
the threshold of signal. 

It processes signal simply. It is suitable for two 
kinds of signals, and can roughly reflect the signal 
strength and frequency, which is widely used in 
acoustic emission activity evaluation. 

Characteristics 
of amplitude 

Amplitude 

The maximum vibration 
amplitude of Signal waveform 
which is usually expressed in the 
dB. 

Decide measurability of event. It is commonly 
used to identify the type of wave source, and 
measure the strength and attenuation 

RMS 

Root mean square value of signal 
during the sampling, which is 
usually expressed  
in the V. 

It is mainly used for continuous acoustic emission 
activity evaluation. 

ASL 
The mean during the sampling 
time, which is expressed in the 
dB. 

It is similar to RMS in providing information and 
USES, and it is particularly useful to continuous 
signal which acquires high demands of the 
dynamic range of amplitude and low demands of 
time resolution. It is also used for measurement of 
background noise level. 

Characteristics 
of energy 

Energy 
The area below the detection 
signal envelope line. 

Reflect the relative energy or strength. It can 
replace the ringing count, is also used to identify 
the type of wave source. 

Absoluteenergy 

2

0

m

it

T
V

R =
,Vi represents the 

sampling point voltage, ΔT 
represents sampling interval, m 
represents sampling in duration, 
R represents the input impedance 
of measuring circuit. 

An authentic reflection of acoustic emission 
signal impact energy. 

Signal strength 
0

m

it
T V

= , Vi represents the 

sampling point voltage, ΔT 
represents sampling interval, m 
represents sampling in duration 

Measurement of acoustic emission impact signal 
energy. 

Characteristics 
of timing 

Time of duration 

Time interval from event signal 
first crossing the threshold value 
back to the threshold value, 
which is usually expressed in 
theμs. 

It is very similar with ringing count, but often 
used  
to identify types of special waves and the noise. 

Rising time 
Time interval from event signal 
first crossing the threshold value 
to maximum amplitude. 

Its physical meaning is not clear due to the 
influence of the transmission. It is sometimes used 
to identify mechanical and electrical noise. 

Characteristics 
of frequency 

The average 
frequency 

It is talked about as a complete 
acoustic emission impact signal, 
in KHz. 

It is associated with ringing count and duration,  
and can roughly reflect the frequency  
of the signal. 

The initial frequency 
The frequency in view of 
duration of the rise time,  
in KHz. 

It is related to the ringing count before the peak  
and rising time, and It can roughly reflect the 
frequency of the signal. 

Inversefrequency 
Frequency which is defined in 
view of the period after the signal 
peak, in kHz. 

It is associated with ringing count, ringing count 
before peak, duration and rising time. It can 
roughly reflect the frequency of the signal. 

Center frequency 
The corresponding frequency 
components of center of gravity  
in the spectrum. 

It can roughly reflect the frequency of the signal. 

Peak frequency 
The corresponding frequency 
components of the maximum 
amplitude in the spectrum. 

It can roughly reflect the frequency of the signal. 
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3.2. Correlation Analysis of Characterization 
Parameter  

 

Use the way of the Pearson linear correlation to 
analyze the data collected in the process of the 
experiment, and get Pearson correlation coefficient 
between these parameters. If the correlation 
coefficient is close to 1, the degree of variables 
correlation is high. However, if it is close to zero, 
then the measured variables are almost irrelevant. 
The positive correlation means that one variable 

increases with the increasing of another variable. If it 
is a negative correlation, then the law is just the 
opposite. In this article, the absolute value of 
correlation coefficient is above 0.7, we treat they are 
highly correlated. If the value between 0.4 to 0.7, it is 
considered a weak correlation. The value below  
0.4 means no correlation. The statistical information 
of Pearson correlation analysis is shown as Table 2 
and the correlation calculation results are shown  
in Table 3.  

 
 

Table 2.Statistic data about Pearson correlation analysis. 
 

Parameter feature 
Quantity 
of sample

Mean value
The fitting 
standard 
deviation 

Sum Minimum Maximum 

Ringing 
characteristic 

Ringing count 15169 138.7432 823.7705 2.10E+06 1 8779 

Amplitude 
characteristic 

Amplitude 15169 49.75575 10.83369 754745 40 99 

RMS 15169 0.05013 0.09062 760.4448 2.00E-04 0.7502 

ASL 15169 47.36139 13.40578 718425 10 80 

Energy 
characteristic 

Energy 15169 212.2135 2106.66 3.22E+06 0 65535 

Absolute energy 15169 1.23E+06 2.19E+07 1.87E+10 0 1.23E+09 

Strength of signal 15169 1.34E+06 1.35E+07 2.03E+10 0 4.97E+08 

Timing 
characteristic 

Rising time  15169 668.092 4162.974 1.01E+07 0 65506 

Duration 15169 2386.546 12563.12 3.62E+07 0 100000 

Frequency 
characteristic 

Mean frequency 15169 101.0475 205.5248 1.53E+06 0 1000 

Inverse frequency 15169 35.81825 34.6823 543327 0 333 

Original frequency 15169 288.033 364.1762 4.37E+06 5 1000 

Center frequency 15169 105.0763 15.51119 1.59E+06 39 283 

Peak frequency 15169 85.21907 37.30974 1.29E+06 18 180 

 
 

As shown in Table 3, the ringing count is closely 
related to energy, signal intensity, and duration, and 
time distribution is also very similar, as is shown in 
Fig. 2(a). They can be substituted in the analysis of 
the acoustic emission parameters which would reduce 
the workload of analysis. Although there is higher 
similarity between characteristic parameters, certain 
difference still exists. For example, some parameters 
are easy to quantitatively described, but some 
parameters are more suitable for qualitative analysis. 
So the parameter selection should be based on the 
need. To the characteristic parameter for the 
amplitude characteristic, the correlation between 
RMS and ASL is high, and time distribution is also 
very similar, as shown in Fig. 2(b). They can be 
substituted in the analysis of the acoustic emission 
parameters, while amplitude requires a separate 

analysis. For characterization parameters of timing, 
the two parameters have higher correlation, and the 
time distribution is also very similar, as shown in Fig. 
2(c). They can be substituted when we analyze 
acoustic emission parameter. For frequency 
characterization parameter, the correlation between 
each parameter is very low. Though there is a 
relatively high correlation between peak frequency 
and the center frequency, but its distribution in the 
time difference is different, as shown in Fig. 2(d). So 
emission parameters can’t substitute in parameter 
analysis, and they are needed to be analyzed 
separately. To the characterization parameters of the 
energy, there is high correlation between the three 
parameters, and the time distribution is also very 
similar, as shown in Fig. 2(e), they can be substituted 
when we analyze acoustic emission parameter.  
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Table 3. Results of Pearson correlation coefficient of granite acoustic emission. 
 

Parameter  
feature 
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Ringing 
characteris-

tic 

Ringing 
count 

1.000 0.581 0.267 0.219 0.763 0.472 0.749 0.802 0.975 -0.031 0.127 -0.100 -0.152 -0.076

Amplitude 
characteris-

tic 

Amplitude  1.000 0.224 0.292 0.412 0.249 0.404 0.508 0.610 -0.199 0.300 -0.413 -0.334 -0.118
RMS   1.000 0.703 0.251 0.193 0.250 0.207 0.255 -0.033 0.003 -0.083 -0.153 -0.101
ASL    1.000 0.164 0.105 0.162 0.196 0.228 -0.070 -0.026 -0.149 -0.286 -0.162

Energy 
characteris-

tic 

Energy     1.000 0.896 0.998 0.556 0.605 -0.016 0.093 -0.060 -0.098 -0.054
absolute 
energy 

     1.000 0.916 0.310 0.421 -0.008 0.058 -0.033 -0.048 -0.028

Strength  
of signal 

      1.000 0.542 0.602 -0.016 0.091 -0.059 -0.095 -0.053

Timing 
characteris-

tic 

Rising 
time 

       1.000 0.817 -0.034 0.096 -0.102 -0.163 -0.083

Duration         1.000 -0.040 0.117 -0.114 -0.191 -0.099

Frequency 
characteris-

tic 

Mean 
frequency 

         1.000 -0.163 0.460 0.135 0.033 

Inverse 
frequency 

          1.000 -0.338 0.143 0.189 

Original 
frequency 

           1.000 0.242 0.078 

Center 
frequency 

            1.000 0.601 

Peak 
frequency 

             1.000 

 
 

 
(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
Fig. 2 (a-d). Distribution of characterization parameters in time. 
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(e) 
 

Fig. 2 (e). Distribution of characterization parameters  
in time. 

 
 

4. Relationship Between 
Characterization Parameters and 
Rock Failure 

 
On the basis of research on the correlation of each 

characterization parameters, we further analyze the 
relationship between the parameters and the rock 
damage, which provide the reference to the selection 
of parameters when we use acoustic emission 
parameter to analyze rock damage characteristics, 
failure mechanism. 

 
 

 
 

Fig. 3. Curve of ringing rate and load vs. time. 
 
 

Fig. 3 is the curve showing that ringing count and 
the load change along with the change of time. In  
Fig. 3, from the beginning loading to about 
50 percent of failure load, namely, from beginning of 
trial to about 125s, acoustic emission activity is weak 
in granite specimen or the level of activity is low, the 
rate of ringing count is small. Near the 50 percent of 
failure load, a spurt of ringing count rate arises. A 
spurt of ringing count rate also arises when a little 
"stress drop" appears on the load curve. At this time 
the internal crack is formed. As the load increases 
further, the small cracks are formed in the specimen. 
The small cracks develop continuously under load 
until failure. Therefore, the ringing count rate can 

reflect the time of internal damage in specimen, and 
the change of numerical value can express the rule of 
the internal damage in specimens. 

Fig. 4 and Fig. 5 respectively show signal 
amplitude, effective level voltage and load change 
with time changing. By Fig. 4, the relationship 
between effective level voltage and the stress strain is 
similar to the relationship between ringing and 
destruction is very similar, therefore the effective 
level voltage can describe rock damage perfectly. 
Before  
50 percent of failure load, the effective level voltage 
was very small. The failure load reached 50 % failure 
load, the effective level voltage increased to 0.4 V. 
When the loading reached 80 % failure load, the 
voltage got to 0.7 V. So you can treat the effective 
level voltage of 0.7 V as a precursor to macroscopic 
damage. By Fig. 4, before 50 percent of failure load, 
the amplitudes are mainly below 75 dB. But after  
50 percent of failure load, amplitude above 95 dB 
signal increased significantly. The relationship 
between amplitude and destruction are similar as 
Fig. 4 showing. So the amplitude can describe rock 
damage, and at same time the phenomenon of 
amplitude more than 95 dB also can be treated as a 
precursor to macroscopic damage. 

 
 

 
 

Fig. 4. Curve of RMS and load vs. time. 
 
 

 
 

Fig. 5. Curve of amplitude and load vs. time. 
 
 

Due to high correlation between the three 
parameters in the energy characteristics, therefore, the 
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absolute energy is used to represent the others to 
analysis the relationship with the damage, as shown 
in Fig. 6. From Fig. 6, the relationship between 
absolute energy and the stress strain is very similar to 
relationship between ringing and destruction, so the 
absolute energy can describe rock damage perfectly. 
The numerical value and ithology of the energy 
characteristic parameters of is related to many 
factors, and the change is very big, so we can’t give 
quantitative damage precursors. 

In temporal property, the correlation of two 
parameters is very high, therefore, the rise time is 
used to represent the other to analysis the relationship 
with the damage, as shown in Fig. 7. Fig. 7 shows 
that, the relationship between the damage and the rise 
time is not obvious, so we would better not use this 
parameter to analyze rock damage. However, this 
parameter can be used to analyze the properties of 
acoustic emission source. 
 
 

 
 

Fig. 6. Curve of absolute energy and load vs. time. 
 
 

 
 

Fig. 7. Curve of rise time and load vs. time. 
 
 

Because of the low correlation between the 
parameters of frequency characteristic, by extracting 
the distribution law of each parameter and the load 
on time, we found that with increasing load, the 
change regularity of peak load, inverse frequency and 
the center frequency is not obvious (because the 
sheet restricted, set the center frequency as example, 
as shown in Fig. 8). So we can't analyze the nature of 
the acoustic emission source through the change of 

these parameters. With the increase of load, average 
frequency and the initial frequency showed some 
regularity, as shown in Fig. 9, so these two 
parameters can be used to analyze the nature of the 
acoustic emission source. 

 
 

 
 

Fig. 8. Curve of center frequency and load vs. time. 
 
 

 
 

Fig. 9. Curve of mean frequency and load vs. time. 
 
 
5. Conclusions 
 

Through the analysis of the granite acoustic 
emission signal parameters changing rule under 
uniaxial loading, the research on correlation between 
the characterization parameters and the relationship 
between the damage and the characterization 
parameters, we got main conclusions as follow. 

1) There are a lot of acoustic emission 
characterization parameters, and the meaning of each 
parameter characterization is different. Impacts, 
events, and ringing are mainly used to describe the 
damage of the rock. Amplitude characteristics, 
temporal and frequency characteristics are mainly 
used for analysis of acoustic emission source 
properties. Energy feature can describe the damage 
level of the rock, but also can be used to analyze 
acoustic emission source. 

2) The ringing count has higher correlation with 
signal intensity, duration and energy. RMS is related 
closely to ASL. To the characterization parameters 
for the energy features, the three parameters have a 
higher correlation. For temporal property 
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characterization parameters, they have higher 
correlation. To characteristic parameter with the 
higher correlation in the group, they can be 
substituted in the process of acoustic emission 
parameter analysis, which would reduce the 
workload analysis. However, for other low 
correlation parameters in the group, you may need to 
separate analysis. For the frequency characteristic 
parameter, the correlation between each parameter is 
very low, they can’t be substituted each other in 
parameter analysis of the acoustic emission and they 
need to be analyzed separately. 

3) The ringing and energy characteristics can well 
describe the damage, but because numerical value 
and lithology in characteristic parameter are related 
to many factors, changing range is very large, so we 
can’t give quantitative damage precursors. However, 
amplitude, the RMS and ASL can give quantitative 
characterization, such as the RMS voltage of 0.7 V as 
the precursor of the destruction, the phenomenon of 
the amplitude more than 95 dB as an early sign of 
damage, etc. 

The relationship between the damage and 
temporal characteristics is not obvious, so we would 
better not use this parameter to analyze rock damage. 
But we can use this parameter to analyze acoustic 
emission source properties. Peak frequency, inverse 
frequency and the center frequency can't reflect the 
nature of the acoustic emission source, and the 
average frequency and the initial frequency can 
reflect the nature of the acoustic emission source. 
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Abstract: Classical extended Kalman filter algorithm is often used to obtain dynamic estimation of nodes’ 
position in wireless localization. However, it is prone to generate error accumulation in the filtering process, and 
lead to filter divergence, which causes low accuracy. The paper explores a strong tracking extended Kalman 
filter with algorithm a fading factor, which can adjust the gain K in real time, so as to ensure the adaptive 
adjustment of the new information sequence, as well as the dynamic tracking capability in indoor wireless 
localization. The experimental results show that the strong tracking extended Kalman filter algorithm has a 
better tracking capability on dynamic targets, leading to higher tracking accuracy and, smaller absolute error. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

With the development of wireless communication 
technology [1], the localization of moving nodes 
during the communication not only can be used as a 
service business, but also can be applied in security 
systems, military operations, detections and 
management tasks etc. Most of the current 
positioning algorithms [2] are attempting to balance 
the energy consumption, cost and accuracy. The 
research on how to improve the accuracy with a 
smaller node density, and smaller percentage of 
beacon nodes, is becoming one of the hot topics [3]. 

Among the localization algorithms, the extended 
Kalman filter (EKF) [4] is the most widely used 
nonlinear filtering method in indoor wireless 
localization. Much efforts have been made in 
improving its performance, and various filtering 
methods based on root mean square filter and the 

decomposition of singular value have been 
proposed [5, 6]. However, in practical applications, 
the extended Kalman filter still suffers from some 
disadvantages, such as poor robustness, low 
accuracy, and loss of the ability to track the changing 
status when EKF reaches a steady state. 

On the basis of the target motion estimation 
theory and in combination with the indoor 
environment to build wireless sensor network 
hardware platform, this paper analyzes the extended 
Kalman filter based on strong tracking filtering 
algorithm, and establishes a localization algorithm 
filtering model based on distance, which applies the 
strong tracking extended Kalman filtering in indoor 
wireless localization of mobile targets. Through the 
experimental comparison of the proposed algorithm 
and the general extended Kalman filter, the strong 
tracking algorithm is proved to possess higher 
accuracy and better tracking capability. 

http://www.sensorsportal.com/HTML/DIGEST/P_2557.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 155-161 

 156

2. Design of Strong Tracking EKF 
 

In wireless sensor network localization, typically 
the extended Kalman filter algorithm will be 
employed due to the general nonlinearity of the 
measurement equation. Compared with the extended 
Kalman filter, the strong tracking extended Kalman 
filter gains the following advantages [7]: the stronger 
robustness to model mismatch, the lower sensitivity 
to the noise and initial value on the statistical 
properties, stronger tracking ability on the changing 
status, and acceptable computational complexity. The 
design of the filter introduces a fading factor, 
P adjusts the r (k+1|k) K (k+1), which reduces the 
influence of the past data on the current filter value 
through on-site adjustment of the covariance matrix 
of state prediction error P(k+1|k), and the 
corresponding gain matrix K(k+1). 

Because of the fading factor, the strong tracking 
extended Kalman filter maintains error of different 
time to be orthogonal everywhere. Its physical 
meaning is: when model uncertainty exists, on-site 
adjustment of gain matrix can always keep the 
property of Gauss white noise. The state equation and 
the observation equation are assumed as: 
 

 [ ]( 1) , ( ) ( ) ( )X k f k X k k v k+ = + Γ , (1) 

 
 ( 1) [ , ( )] ( )z k h k X k w k+ = + , (2) 

 
where ( )X k  is the motion state vector of the object 

in time k; ( )z k  is the observation vector of the 

object in time k; ( )v k , ( )w k  are the Gaussian noise 

with zero mean value, ( )kΓ  is the noise control 

matrix. Assume the covariance matrixes of process 
noise ( )v k  and observation noise ( )w k  are ( )Q k  

and ( )R k , and the status transform matrix and 

observation matrix are expressed by ( )A k  and 

( )H k . If f and h are both nonlinear, linearization is 

done by 
 

 
( ) ( | )

( , ( ), ( ))
( ) |X k X k k

f k u k X k
A k

X =
∂=

∂
, (3) 

 
 

( 1) ( 1| )

( 1, ( 1))
( ) |X k X k k

h k X k
H k

X + = +
∂ + +=

∂
, (4) 

 
General extended Kalman filter can be  

obtained by 
 

 
X (k+1|k) =A(k) X (k|k)
∧ ∧

, (5) 

 

 ( 1| ) ( ) ( | ) ( )

( ) ( ) ( )

T

T

P k k A k P k k A k

k Q k k

+ =
+ Γ Γ

, (6) 

   

1

( 1) ( 1| ) ( )[ ( ) ( 1| )

( ) ( )]

T

T

K k P k k H k H k P k k

H k R k −

+ = + +
+

, (7) 

 

( 1| 1) ( 1| ) ( 1) ( 1)X k k X k k K k kγ
∧ ∧

+ + = + + + + , (8) 

 

( 1| 1) [ ( 1) ( )] ( 1| )P k k I K k H k P k k+ + = − + + , (9) 
 

where ( 1)kγ +  in (8) is the output error, and can be 

obtained by (10) 
 

 
( 1) ( ) ( ) ( 1| )k z k H k X k kγ

∧
+ = − + , (10) 

 

When the system becomes stable, i.e. EKF also is 
in stable status, its prediction error covariance 

( 1| )P k k+  tends to its minimum, which renders 

the gain ( 1)K k +  minimized, and incapable of 

adjustment. When state ( 1)X k +  changes, output 

error ( 1)kγ + is increased. However, the gain 

( 1)K k +  does not increase with the increase in 

output error, stays its minimum. Therefore, in this 
manner, EKF essentially loses the tracking capability 
of changing statues [4]. 

To improve the tracking capability of changing 
statues, a fading factor ( 1)kλ +  is introduced to 

adjust covariance ( 1| )P k k+  and gain matrix 

( 1)K k + . Therefore, (4) is converted to: 
 

( 1| ) ( 1) ( ) ( | ) ( ) ( ) ( ) ( )T TP k k k A k P k k A k k Q k kλ+ = + +Γ Γ  

(11) 
 

From Principle of orthogonality, the fading factor 
( 1)kλ +  can be obtained by 

 

 
0 0

0

1
( 1)

1 1
k

λ λ
λ

λ
≥

+ =  <
, (12) 

 

where 
 

 
0

[ ( 1)]

[ ( 1)]

tr N k

tr M k
λ +=

+
, (13) 
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(1) (1) 0

( 1) [ ( ) ( 1) ( 1)]
1

1

T

T

k

V k V k k k
k

γ γ
ρ γ γ

ρ

 =
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, (14) 

 
T

0N(k+1)=V (k+1)-H(k) (k)Q(k) (k)H (k)- ( )T R kβΓ Γ  

(15) 
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( 1) ( ) ( | ) ( ) ( ) ( )T TM k A k P k k A k H k H k+ =  

(16) 
 
where 0 1ρ< ≤  is forgetting factor 0.95ρ = , 

1β ≥  is a selected weaken factor. Weaken factor is 

used to make the state estimation more smooth. This 
value can be set empirically, or by computer 
simulation according to the formula below: [8]   
 

 

0 1

min ( ) ( | )
L n

i i
k i

x k x k k
β

β
∧

= =

 = − 
 
 , (17) 

 
This paper uses empirically obtained value, which 

is 2. Till now, the strong tracking filter has been 
constructed. When the model has enough accuracy, 
and initial values X(0|0) and P(0|0) are properly 
selected, the accurate state estimation can be obtained 
by the above method. 
 
 
3. Experiments and Result Analysis 
 
3.1. Inhibition of Non-line of Sight  
 

In wireless sensor networks, especially in the 
indoor environment, the LOS (line of sight) path 
between the sensor nodes may be missing, while only 
the reflection and diffraction path exist. Since it is 
unable to detect the direct path signal at the receiving 
end, the SDS-TWR distance measurement inevitably 
contains NLOS error [9]. Because NLOS propagation 
path is longer than LOS propagation path, the 
measurements of SDS-TWR [10] have some delay, 
i.e. NLOS error is random error with a positive mean. 
Therefore, in the environment of NLOS, the 
measured distance between nodes is usually larger 
than the actual distance. NLOS error can be defined 
as the additional propagation distance larger than 
direct path, NLOS error is always positive. In the 
practical environment, NLOS propagation is 
ubiquitous. Inhibition of NLOS error has become the 
key to improve the localization accuracy. 
 
 
3.2. Data Rejection 
 

In the wireless data transmission process, packet 
loss inevitably occurs [11]. There may be some very 
unreliable data of four measured distances, such as 
zero or negative, which make the localization have 
big error.  

How to eliminate these error caused by the 
hardware is one target in the project. Fig. 1 is a 
schematic diagram of localization, where tag is the 
mobile node, and carried by a walking person, four 
anchors are the fixed base stations. 

1) When a measured distance is zero, it is 
rejected, and the last measurement is used as Fig. 2. 

The sampling frequency [12] in this system is 
200 ms, because we believe the step length L , and 
distance r  keep unchanged unless their appearance 
number x  is larger than threshold N( x N≤ ). 

 
 

 
 

Fig. 1. Schematic diagram of localization. 
 
 

 
 

Fig. 2. Measured data. 
 
 

2) When the measured distance is negative, same 
processing will be done. That is: it is discarded and 
the last normal measurement will be used. 

3) Following the characteristic of human walking, 
we assume that the distance between the tag and a 
node (Anchor1 for example) 1r , and the next 

measurement of the upper distance is recorded as '
1r . 

We assume that there is a threshold f . When 
'

1 1r r f− ≤ , we believe that '
1r  is acceptable in 

environment with NLOS. Otherwise, we use 1r  to 

replace '
1r . In the meantime, we also consider the 

number of sampling, that is, if '
1r  appears for 8 times, 

we believe '
1r  is correct. 

4) After the rejection of rough data, a second 
rejection is required. The idea behind this is that the 
distance between the first measurement and the third 
measurement cannot be larger than a threshold. An 
example can be found in Fig. 3, which shows that 
there is an obvious error in 14.480. 

Although the accuracy of distance measurement 
between two individual nodes is relatively high, the 
accuracy of many nodes’ localization in networks is 
much lower due to the negative effect of hardware, 
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movement, and multiple nodes in NLOS. That is, any 
one in ( 1,2,3,4)ir i =  has an error, which may be as 

large as 3 meter. Therefore, this condition will 
introduce big error to localization of moving nodes. 
How to eliminate the error in NLOS is the issue we 
must figure out. 

 
 

 
 

Fig. 3. Measured data. 
 
 

Assume the correlation coefficient between the 
measured values of the distances from the moving 
node to other four nodes and their true values P , 
vector x  is used to represent the measured values: 
 

 
1 2 3 4[ ]x r r r r= , (18) 

 
Vector y  represents the true values: 

 
 

1 2 3 4[ ]y a a a a= , (19) 

 
Then we have:  

 
 y xP= , (20) 

 
Multiply both sides of formula (4-13) by Tx , and 

we obtain 
 

 T Tx y x xP= , (21) 

 

Multiple both sides of formula (4-14) by 1[ ]Txx − , 

we have: 
 

 1 1[ ] [ ]T T T Txx x y xx x xP− −= , (22) 

 
That is: 

 
 1[ ]T TP xx x y−= , (23) 

 
where P  is the 4 4×  matrix. We can train P  using 
plenty measurement of x  and y . The result 

becomes more accurate when the measurements  
are richer. 

Table I is a set of data measured in coordinate 
(4,2). ( 1,2,3,4)ir i =  is the measured distance vector 

between the node in (4,2) and the nodes in coordinate 
(0,0), (13,0), (13,20), (0,20). Besides, we still need to 
find out the true value of the distance vector y . This 

vector can be obtained from computing the distances 
of the coordinates by MATLAB. That is, the true 
distances between node (4,2) and other nodes in 
(0,0), (13,0), (13,20), (0,20) are 

[4.472 9.220 20.125 18.439]y = . 
 
 

Table 1. Measured data of vector x . 
 

Sampling 
time 

r1 r2 r 3 r 4 

21:21:18 05.950 10.920 21.300 19.390 
21:23:38 05.710 10.760 21.230 19.320 
21:25:59 06.200 10.840 21.120 19.440 
21:28:20 06.200 10.840 21.120 19.440 
21:30:25 06.170 10.640 21.320 19.640 
21:32:45 06.370 10.720 21.190 19.780 
21:35:06 06.000 10.750 21.480 19.570 
21:37:26 06.000 10.800 20.600 19.870 
21:39:47 06.000 10.800 20.600 19.870 
21:41:52 06.000 10.800 20.600 19.870 
21:43:57 06.000 10.800 20.600 19.870 
21:46:02 06.130 10.670 21.730 19.460 

… … … … … 
 
 

In this manner, we can collect data in other 
coordinates and obtain thousands of measurements. 
The correlation coefficient P  can be obtained as 
below. This paper hereinafter will compare the 
localization accuracy between the condition with 
trained P  and that with untrained P . 
 

0.664015 0.168284 -0.147859 0.018817

0.137178 0.591618 0.023809 -0.118228

-0.081280 0.037479 0.550470 0.298482

-0.005244 -0.129025 0.298827 0.532074

P

 
 
 =
 
 
  

 
The walking route is shown as Fig. 4 when the 

data is collected.  
 
 

 
 

Fig. 4. The diagram of the route of the moving node. 
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We have collected a large quantity of data, which 
can be divided into 14×21=294 groups, and saved as 
.txt format. Each group contains a number of 
measurements, and there are 19112 measurements  
in total. 

Next the simulation is done using Matlab on the 
collected data. Firstly, t localization accuracy 
between the condition with trained P  and that with 
untrained P  is compared as Fig. 5 and Fig. 6. 

 
 

 
 

Fig. 5. Localization result without P. 
 
 

 
 

Fig. 6. Localization result with P. 
 
 

The result indicates that the localization of the 
moving node possesses higher accuracy when P is 
used. This demonstrates that the coefficient P 
obviously improves the localization accuracy. 

The experiment is done in a room with a 
6 m × 12 m space in Fig. 7. The four anchors are 
fixed while one wireless moving node needs 
localization. The Kalman state equation is as below: 
 

( 1) ( ) 01 0 0

( 1) ( ) 00 1 0

( 1) ( ) ( )0 0 1 0

( 1) ( ) ( )0 0 0 1
x x x

y y y

x k x kT

y k y kT

v k v k w k

v k v k w k

+      
      +      = +
     +  
      +           

 

(24) 

The measurement equation is: 
 

,1 ,1

,2 ,2

,3 ,3

,4 ,4

( ( ) )( ( ) )
1

( ( ) )( ( ) )2

3 ( ( ) )( ( ) )
4

( ( ) )( ( ) )

x y

x y

x y

x y

x k a y k a
r

x k a y k ar

r x k a y k a
r

x k a y k a

 − −
   
   − −
   =
   − −
   
   − − 

, (25) 

 

where T is the observation period. ( 1)xv k + , 

( 1)yv k +  are speed in axis X and Y, respectively. 

( )xw k , ( )yw k  are both Gaussian white noise with 

zero mean value. ( ,x ia , ,y ia ) ( 1,2,3,4)i =  are 

coordinates of the four anchors. Observation 

parameters ( 1,2,3,4)ir i =  are the measured distance 

between the moving node and the four anchors. In the 
experiment, the initial values are: 

Sampling period: T=0.2 s; 
Estimated value of state variable: 

 

(0|0) [4 7 1.5 1.5]x
∧

= , 
 

which are the speeds in axis X, Y. 
Initial prediction of state vector covariance  

matrix is 
 

(0 | 0) [0.057 0.057 0.057 0.057]P diag=  
 

The noise matrix of the system is 
 

[0.002 0.002 0.002 0.002]Q diag=  
 

The noise matrix in measurement is 
 

[0.5 0.5 0.2 0.2]R diag=  
 
 

 
 

Fig. 7. Wireless sensor network in the experiment. 
 
 

Fig. 8 shows the actual route by the black bold 
line, which means the moving node starts from 
(4.5,12) and ends in (6,12). The route is three 
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quarters of a rectangle. The outer trace is the result  
of EKF, the middle one is the result of the  
proposed algorithm. 

 
 

 
 

Fig. 8. Comparison between the result of EKF and that  
of strong tracking EKF. 

 
 

Fig. 9 and Fig. 10 show the comparison of 
absolute values of the errors in axis X and Y between 
the proposed algorithm and the EKF. During the 
experiment, as seen from Fig. 1, EKF has big sharp 
error when state changes, such as walking starts. The 
maximum error is about 3 meters. On the other hand, 
the tracking has good performance when the moving 
reaches a stable state. From the comparison, the 
proposed algorithm can reduce the error under 1 
meter. It improves the localization accuracy, and 
outperforms EKF which is with more uncertainty and 
bigger error. 
 
 

 
 

Fig. 9. The comparison of error in axis X between  
the two algorithms. 

 
 

4. Conclusions 
 

Through establishing model of moving object in 
indoor wireless sensor network, this paper applies 
fading adaptive strong tracking Kalman filter 

algorithm to refinement of localization, and compares 
the new algorithm with general EKF. 

 
 

 
 

Fig. 10. The comparison of error in axis Y between  
the two algorithms. 

 
 

The experimental results show that, the strong 
tracking Kalman filter outperforms the classical 
Kalman filter on the target model and the adaptability 
of noise signal. Furthermore, the smaller minimum 
mean square error criterion can be obtained. 
Therefore, it has stronger capability in tracking 
objects with changing moving statues. This paper 
also demonstrates the validity of the proposed 
algorithm in indoor wireless sensor network 
localization. The algorithm can greatly improve the 
localization accuracy without additional hardware, 
and realize the wireless localization with low energy 
and high accuracy. It will be of significant value in 
further investigating localization in stable and 
complex environment. 
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Abstract: With the rapid development of WLAN, more and more schools and businesses have begun to provide 
the WLAN for users. However, WLAN is considerably more susceptible to MitM (man-in-the-middle) attack. 
To overcome it, we propose a dynamic password technology named Two-way Dynamic Authentication 
Technology (TDAT). It uses two-factor during the initial authentication, and uses a two-way hash chain during 
the cross-domain authentication. TDAT effectively protects users' authentication credentials and improves users' 
experience. In an actual wireless network environment, we implement a MitM attack framework based on 
Rogue AP. Then we effectively prevent this MitM attack by using TDAT. Moreover we analyze the security of 
TDAT by using BAN logic. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

With the rapid development of WLAN, more and 
more schools and businesses have begun to provide 
the WLAN for users. The security of WLAN is more 
important than it was in the past [1]. Open wireless 
network makes it particularly vulnerable to 
eavesdropping [2], DoS [3] and MitM [4] attacks. 
Therefore, a new standard-802.11i is proposed to 
improve the security of WLAN [5]. The 802.11i 
standard enhances WLAN security mainly in two 
aspects. In authentication aspect, port-based access 
control technology named 802.1X is used, EAP 
(Extensible Authentication Protocol), TLS encrypted 
tunnel and dynamic key management mechanisms 
are included. In encryption aspect, TKIP (Temporal 
Key Integrity Protocol), CCMP (CTR with CBC-
MAC Protocol) is used. Although 802.11i is secure, 
in actual wireless network environment, correctly 
configuring the mobile terminal is not an easy 
mission for non-professional users. It will be more 
likely to suffer MitM (man-in-the-middle) attack. 

In wireless network, the MitM attack based on 
Rogue AP is common attack. Attackers induce the 
user to connect the Rogue AP. Then they can monitor 
data or implement more advanced attacks to steal the 
user's information. The attack framework is shown in 
Fig. 1. In this attack framework, the most important 
thing is to get access to the wireless network. When 
the wireless network is using low-security 
authentication methods, such as open or WPA2-PSK 
model, attackers can get access to a wireless network 
and then launch a MitM attack using Rogue AP. 
Attackers forward the data between the Legitimate 
AP and the victims, meanwhile using sniffer software 
such as wireshark [6] to dump the plaintext data to 
filter out the plaintext username/password. This paper 
proposes an attack framework, which demonstrates 
that it is possible for the attackers to collect the 
authentication credentials by using the designed 
MitM attack based on Rogue AP. Then, we propose a 
dynamic password technology named Two-way 
Dynamic Authentication Technology (TDAT). It uses 
a two-factor authentication during the initial 

http://www.sensorsportal.com/HTML/DIGEST/P_2558.htm
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authentication and a two-way hash chain 
authentication during the cross-domain authentication 
to prevent the MitM attack. In the initial 
authentication phase, we use the challenge, which is 
transmitted through the telecommunication channel 
(such as 3G or 4G), and the user's static password as 
the two factors to generate the dynamic password 
which is different every time. In the cross-domain 
authentication phase, both the client and the server 
maintain two hash chains as the authentication 
credentials. The authentication process proceeds 
automatically by the client in the background during 
cross-domain authentication. This scheme is 
convenient and secure to non-professional users. It 
could effectively protect users' authentication 
credentials and improve users' experience. 

This paper continues as follows. In Section 2, we 
introduce the related works. In Section 3, we 
implement a MitM attack framework based on Rogue 
AP in actual wireless network environment. In 
Section 4, we propose Two-way Dynamic 
Authentication Technology (TDAT) to prevent the 
MitM attack. In Section 5, we analyze the security of 
TDAT by using BAN logic. In Section 6, we 
summarize the whole paper and put forward a 
direction for further research. 
 
 

 
 

Fig. 1. MitM attack framework based on Rogue AP. 
 
 

2. Related Works 
 
2.1. 802.1X 
 

The 802.1X standard is a port-based access 
control protocol, which uses a controlled/ 
uncontrolled port mode to control the transmission of 
the data packets [7]. Generally, The 802.1X’s 
authentication mechanism, extensible standard for 
authenticating users, is implemented by the STA 
(Station, The wireless terminal) and the AS 
(Authentication Sever) using EAP data frames. The 
EAP data frames could pass the 802.1X uncontrolled 
port transmitting authentication-data. Then, non-EAP 
data frames would be passed or blocked via  
the controlled port depending upon the result  
of authentication.  

2.2. Rogue AP 
 

In this paper, Rogue AP means a wireless access 
point that has been created to allow an attacker to 
conduct a MitM attack. The Rogue AP does not 
employ mutual authentication and may be used in 
conjunction with a Rogue RADIUS server, 
depending on security configuration of the target 
network. The concept of Rogue AP is not new, but 
the installation of Rogue AP makes many attacks 
possible, such as MitM attack [8] and evil twin 
attack [9]. Rogue AP usually has the same SSID 
(Service Set Identifier) and configuration as the 
legitimate AP's. Moreover, Rogue AP must have 
stronger signals than the legal AP's that STA  
should connect. 
 
 
2.3. BAN Logic 
 

Burrows-Abadi-Needham logic, known as the 
BAN logic, is a set of rules for defining and 
analyzing information exchange protocols. There are 
three main stages of the analysis of a protocol using 
BAN logic. The first step is to express the 
assumptions and goals as formulas (also known as 
statements) in a symbolic notation, so that the logic 
can proceed from a known state so as to be able to 
ascertain whether the goals are in fact reached. The 
second stage is to transform the protocol steps also 
into formulas in symbolic notation. Lastly, a set of 
deduction rules called Postulates are applied. The 
postulates should lead from the assumptions, via 
intermediate formulas, to the authentication  
goals [10]. 
 
 
2.4. MitM Attacks and its Prevention in 

Wireless Network using 802.1X & EAP 
 

Asokan et al. [11] point out that legacy client 
authentication protocol is not aware whether it is run 
in protected or unprotected mode. They also show 
that how to realize the MitM attacks in EAP-PEAP 
with EAP-AKA in a WLAN access authentication 
setting. Since 802.11i and 802.1X-2004 standard are 
not issued when this paper is published, the effect of 
this type of attack under 802.11i wireless 
environment is not yet known. Hyunuk Hwang et 
al. [12] propose the wireless MITM Framework, 
which can actively prove the vulnerability of MitM 
by applying the MitM technique in the WLAN, 
whose security is applied using 802.1X and EAP. 
This paper proposes that it is possible to collect the 
authentication information of the unauthorized user 
using the Wireless MitM-Framework under the EAP-
MD5 environment. However, EAP-MD5 fails to 
meet any of the WLAN-required security claims and 
EAP-MD5 is rarely used in the actual wireless 
environment. Jing-Wei Zhou et al. [13] analyze the 
authentication process of EAP-PEAP in IEEE 802.1X 
authentication mechanism and propose a wireless 
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MitM-Framework under the EAP-PEAP 
environment. In this framework, the attacker forces 
the user to use a low-security access protocol EAP-
MS-CHAPv2, in order to obtain the user's 
authentication credentials. However, under the actual 
wireless network environment, it is difficult to 
perform this kind of attack. In fact, the defaults EAP-
methods in the mobile terminal are EAP-PEAP and 
EAP-TTLS. Thus, the attacker is unable to force the 
mobile terminal using EAP-MSCHAPv2. So such 
Wireless MitM-Framework under the EAP-PEAP 
environment is not valuable. Ding Wang et al. [14] 
analyze the MitM attack framework in 802.11i 
wireless network and the conditions of effective 
attacks then give an attack instance under the EAP-
TTLSv0 environment. They conclude that whether 
EAP-TTLS and EAP-PEAP resist to the MitM 
attacks depends on the protocols implementation 
version. When EAP-PEAP and EAP-TTLS use a 
strong mutual authentication, they are not vulnerable 
to MitM attacks. However, the paper does not give 
examples of attack framework in actual wireless 
network environment, and the effect of this type of 
attack in actual network environment with mobile 
terminal is not yet known. In this paper, we 
implement a new MitM attack under the actual 
wireless network using EAP-TTLS/MS-CHAPv2. 

Many methods were proposed for prevention of 
MitM Attacks in wireless network, such as 802.11i. 
But, most of them are inconvenient to use. It makes 
users less secure in actual networks. Some methods 
in other areas may enhance the security and give the 
convenience to non-professional users at the same 
time, such as Hash-chain. Lamport [15] suggests the 
use of hash chain as a password protection scheme in 
an insecure environment. A hash chain is the 
successive application of a cryptographic hash 
function to a piece of data. In computer security, a 
hash chain is a method to produce many one-time 
keys from a single key or password. Hash chain is 
often used in RFID authentication to achieve mutual 
authentication between Tag and Reader [16-18]. But 
very few hash chains are used in wireless network 
authenticaiton, considering the weak strength and low 
fault tolerance of Hash-chain crypto. In this paper, 
we propose a two-way hash chain protocol in the 
wireless network, which would use two hash 
functions and dynamic timestamps to enhance the 
strength of Hash-chain crypto and tolerate one-step 
fault in hash-chain mismatch. 
 
 

3. MitM Attack under the EAP-TTLS 
Environment 

 
3.1. EAP-TTLS/MSCHAPv2 
 

EAP-TTLS [19] is an EAP method that 
encapsulates a TLS session. It provides a 
functionality beyond what is available in EAP-TLS, 
which improves the mutual authentication between 

the STA and the AS. EAP-TTLS extends this 
authentication negotiation in EAP-TLS by using the 
secure connection established by the TLS handshake 
to exchange additional information between STA and 
AS. EAP-TTLS protocol first established a TLS 
tunnel authentication. Once the TLS tunnel is 
completely established, the STA and AS use the 
legacy password-based authentication protocols to 
authenticate the STA. This exchange is fully 
encrypted by using the symmetric key. In this paper, 
we use the MS-CHAPv2 as the legacy password-
based authentication protocol. Fig. 2 shows the 
process of the protocol. As we can see in Fig. 2, there 
is really only one unknown in the entire protocol – 
NTHash, which is used to construct three separate 
DES keys. Every other element of the protocol is 
either sent as plaintext, or easily derived from 
something sent as plaintext. Given that everything 
else is known, we can try to ignore everything but the 
core unknown, and see if there are any possibilities 
available to us. In this protocol we need three DES 
keys, each 7 bytes long, for a total of 21 bytes. Those 
keys are drawn from the NTHash which is only  
16 bytes. The solution is to simply pad those last five 
bytes out as zero, effectively making the third DES 
key two bytes long. Since the third DES key is only  
2 bytes long, we can get it in a matter of seconds. We 
are left trying to find the remaining 14 bytes of the 
NTHash, but can divide-and-conquer those in two  
7 bytes chunks, for a total complexity of 256. 
 
 
3.2. Application of MitM Framework in 

EAP-TTLS/MS-CHAPv2 
 

In EAP-TTLS and EAP-PEAP, STAs must 
properly validate the RADIUS server first. However, 
in actual wireless networks, the STAs fail to properly 
validate the server frequently. The main reasons are: 
• Certificates issued by External Certificate 

Authority are very expensive. Businesses are 
reluctant to purchase certificates for a free 
wireless network.  

• Certificate binding to the SSID is still a manual 
process on wireless networks. Some users directly 
set the configuration to "not validate server 
certificate", which stop the certification about  
the server.  

• The default behavior of mobile terminals is to 
prompt users to validate the RADIUS server 
certificate. This is likely not ideal, since users 
typically have a hard time distinguishing what  
the certificate means and whether or not they 
should proceed. 
In the Rogue-AP-based MitM attack framework, 

clients, especially mobile terminals, may establish a 
session with a Rogue AP and send its credentials 
along, which could be cracked. Fig. 3 describes the 
Rogue-AP-based MitM attack Framework. In 
business or school, users' wireless network 
authentication credentials are always binding up with 
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other systems, such as e-mail systems and internal 
authentication system. Therefore, the loss of users' 

authentication credentials will cause great  
security risk. 

 
 

 
 

Fig. 2. The process of MS-CHAPv2. 
 
 

 
 

Fig. 3. MitM attack Framework based on Rogue AP  
in EAP-TTLS. 

 
 

Specific procedures of the Rogue-AP-based MitM 
framework are as follows: 
• The attacker sniffs the network traffic between 

the AP and the client, obtaining the appropriate 
information about the AP. Then the attacker 
configures the Rogue AP to make it perform like 
a legitimate AP. 

• The attacker cuts the connection between client 
and legitimate AP. 

• The client re-connects to the AP with the best 
signal strength. Therefore it can easily be 
"tricked" into connecting to the Rogue AP if the 
Rogue AP is strong enough. 

• The client establishes a session with the Rogue 
AP and completes the authentication process.  
The attacker gets the MS-CHAPv2 packets  
and mounts a dictionary attack to crack  
the MS-CHAPv2. 

• The attacker uses the username and the password 
to connect the legitimate AP. 
In the Rogue-AP-based MitM attack Framework 

mentioned above, the attacker should meet the 
following conditions:  

Condition 1. The attacker should be able to 
monitor the wireless network, and can cut the 
connection between STA and legitimate AP.  

Condition 2. There should be a Radius server 
which can get the MS-CHAPv2 packets.  

Condition 3. The attacker should be able to crack 
MS-CHAPv2.  

The attacker can use the Aircrack suite [20] to 
meet Condition 1. Condition 2, attackers can use 
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Wireless Pwnage Edition [21] of FreeRadius [22] to 
complete the authentication process. Condition 3, 
attackers can use asleap [23], mschapv2acc [24] or 
John the Ripper [25] to crack MS-CHAPv2. 
Therefore, the attacker can meet all conditions and 
get users' authentication credentials through the tools 
mentioned above. Then we will test this  
MitM Framework in the actual wireless  
network environment. 
 
 
3.3. MitM Attack Instance in the Actual 

Network 
 

We are using IOS and Android mobile terminals 
in the actual network environment to simulate MitM 
attacks. We select iPhone5s and Mi3, where 
iPhone5s’s username is "iphone", password is "ios"; 
Mi3’s username is "android", password is "android". 
Legitimate AP is Cisco AIR-LAP1242AG-C-K9 AP, 
SSID set to "MitM". Legitimate Radius server is 
configured Windows2003. Rogue AP selects 
Motorola AP650, and Rogue Radius server is 

configured FreeRadius-WPE 2.1.12 in CentOS5.5. 
First, we configure the SSID of the Rogue AP to 
"MitM". FreeRadius-WPE uses EAP-TTLS, the 
internal authentication method is MS-CHAPv2. 
When the iPhone5s first connects the "MitM", the 
default behavior is to prompt the user to validate the 
certificate. This is likely not ideal, since users 
typically have a hard time distinguishing what a 
certificate means and whether or not they should 
proceed. Mi3 needs to set the profile when connected 
to the "MitM" as Fig. 4 shows. As we can see, there 
is no certificate to choose. Thus it fails to validate  
the server. 

The attacker makes STA disconnect with the 
legitimate AP. Then the STA is "tricked" into 
connecting to the Rogue AP and completing the 
authentication process. After authentication is 
completed, the FreeRadius-WPE gets the legitimate 
username, challenge and response. The attacker uses 
asleap2.2 to obtain the password. Thus the attacker 
gets the legitimate user's username and password. 
iPhone5s and Mi3 username and password's crack are 
shown in Fig. 5 and Fig. 6.  

 
 

       
 

Fig. 4. IOS and Android Configuration. 
 
 

 
 

Fig. 5. The crack of iphone. 

 
 

Fig. 6. The crack of android. 
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4. Two-way Dynamic Authentication 
Technology (TDAT) 

 
4.1. Two-factor Initial Authentication 
 

Since the mobile client is difficult to validate the 
server's certificate in a real environment, we propose 
a dynamic password technology based on two-factor 
in the second phase of EAP-TTLS to protect the 
user's authentication credentials. In this technique, we 
introduce a telecommunication channel, such as 3G 
or 4G, to enhance the security. 

The two-factor include: 
1) The unique identifier of the users, devices and 

the static password; 
2) A randomly generated Challenge,  

which is received from the server via 
telecommunication channel. 

Specific procedures are as follows: 
• Users register their mobile phone number, IMEI 

number and static password when they use for the 
first time. 

• When a user needs to connect to a wireless 
network, sending a request message containing 
the username to the server via the 
telecommunication channel. 

• When the server receives a request message, first 
it would verify the user's mobile phone number 
and username. If the user is legitimate, the server 
sends a randomly generated challenge to the user, 
which is generated by Cryptographically Secure 
Pseudo-Random Number Generator, and has a  
length of 8 bytes. The challenge is only valid 
within a certain time window. In this paper, the 
time window is 60 s. 

• A user enters a username, challenge and static 
password in the client software. The client 
software uses SHA256 hash algorithm to generate 
a dynamic password as the credential for this 
connection. The dynamic password is as follows: 
Dynamic Password = SHA256 (SHA256 (static 

password) + challenge + IMEI); where + denotes 
concatenation. The result of the SHA256 is 32-octet. 
The dynamic password’s length is 64 bytes, which is 
the ASCII hexadecimal digits of the result of 
SHA256. 
• After the EAP-TTLS authentication process has 

completed, the server receives the dynamic 
password of users' and uses the same algorithm to 
generate the dynamic password.  

 
 
4.2. Two-way Cross-domain Authentication 
 

In the cross-domain authentication, the client 
needs to initiate re-authentication. It is also 
vulnerable to Rogue-AP-based attack. In this paper 
we propose an authentication protocol based on a 
two-way hash chain to prevent the MitM attack and 
improve the ease-of-use during the cross-domain 
authentication. In this protocol the client and the 

authentication server both maintain a hash chain to 
implement mutual authentication. The authentication 
process proceeds automatically by the client in the 
background to improve user experience. 

The protocol modifies the second phase of the 
EAP-TTLS authentication protocol. Authentication 
server and the client both have two hash functions H 
and G. Function H is used to update the hash chain 
nodes, while the function G is used to encrypt the 
authentication information between the server and the 
client. For the client, only when the authentication 
has completed, it updates the value of hash chain 
nodes. For the authentication server, when the client 
is authenticated, it updates the value of hash  
chain nodes. 

We use the first32 bytes of Dynamic Password 
(S1, S2), which is generated during the initial 
authentication, as the client’s initial hash chain value 
S0 = S1, and the last32 bytes are used as the 
authentication server’s initial hash chain value  
T0 = S2. The hash chain of client is: S1 = H (S1),  
S2 = H2 (S1), ..., Sj = Hj (S1), ..., SN = HN (S1); the 
hash chain of authentication server is: T1 = H (S2),  
T2 = H2 (S2), ..., Tj = Hj (S2), ..., TN = HN (S2). 

After the first authentication, the client saves 
(Identity, S1, T0) and the authentication server saves 
(Identity, S0, T1). This protocol’s authentication 
process is shown in Fig. 7. The i-th authentication 
process is as follows (Where S represents the 
authentication server, C represents the client. Si is the 
client’s i-th hash chain node. Ti is the authentication 
server’s i-th hash chain node): 

1) S→C: Transfer (Random || timestamp1 || 
Identity Request). The authentication server sends a 
string of random numbers, a timestamp and an 
identity request to the client. An identity Request 
requests the ID of the client. 

2) C→S: Transfer (G(Si || Random || 
timestamp1) || Identity Response || timestamp2). As 
soon as the client receives the packet. It first 
determines whether the timestamp is valid. If it is 
valid, the client calculates G (Si || Random || 
timestamp1) and sends an Identity Response, and a 
timestamp to the authentication server. 

3) S→C: Transfer (G(Ti || Random || 
timestamp2)). After the authentication server 
receiving the packet, it first determines whether the 
timestamp is valid. If the timestamp is valid, the 
authentication server calculates G (H (Sj) || Random || 
timestamp1) or G (Sj || Random || timestamp1) (the Sj 
is the hash chain node of client which is saved by the 
authentication server and associated with the user 
identity) and compares G (H (Sj) || Random || 
timestamp1) with what the value has received. If the 
values are equal, the authentication server calculates 
G (Ti || Random || timestamp2) and sends it to client, 
authentication updates the hash chain node’s value of 
client and authentication server.  

4) C: As soon as the client receives the packet, 
it calculates G (H(Tj) || Random || timestamp2) or G 
(H2(Tj) || Random || timestamp2) (the Tj is the hash 
chain node of authentication server which is saved by 
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the client and is associated with the user identity) and 
compares G (H(Tj) || Random || timestamp2) with the 
value, which is received from the authentication 
server. If the values are equal, the client updates  
the hash chain node’s value of client and 
authentication server. The protocol based on a two-
way hash chain is used in the second phase of EAP-
TTLS, and the process is fully encrypted by using the 
symmetric key. At the same time, the data between 
the client and the authentication server are encrypted 
by the Hash function G. Thus an attacker cannot infer 
the plaintext according to the hash values. Therefore, 
even in the MitM attack based on Rogue AP 

mentioned above, the attacker can only get the hash 
values, and, cannot get the value of the client’s hash 
chain node. After the authentication has completed, 
both the client and the server update the value of hash 
chain node. For the client, only when the 
authentication is completed, it updates the value of 
hash chain nodes. For the authentication server, when 
the client is authenticated, it updates the value of 
hash chain nodes. Obviously, authentication depends 
on the correct value of hash chain nodes, and the 
value of hash chain nodes is changed every time. 
Hence it is very difficult for attackers to get the right 
value every time.  

 
 

 
 

Fig. 7. The process of two-way hash chain based protocol. 
 
 

5. Security Analysis 
 

5.1. Security Analysis of Two-factor Dynamic 
Authentication 

 
The security analysis based on two-factor can 

provide protection against MitM attack based on 
Rogue AP. The reasons are showed as follows: 
• The user’s credential is based on two-factor 

mechanism. In order to obtain the user's 
authentication credential, the attacker must 
simultaneously obtain these two factors. It is very 
difficult. The attacker must monitor the 
telecommunication channel to get the challenge, 
and know the user’s username and static 
password at the same time. None of them is easy. 

• The client software uses High-security dynamic 
password generation algorithm based on SHA256 
hash algorithm, which is not reversible and has 
the complexity of 2^256. It is impossible to crack 
SHA256 through dictionary attacks and brute-
force attacks. 

• In the MitM attack based on Rogue AP discussed 
above, the attacker can only obtain the dynamic 
password through dictionary attack. The dynamic 
password is only valid within a certain  
time window (time window << the time to crack 
MS-CHAPv2).  
Now we test this dynamic password technology 

based on two-factor in the actual wireless network 
with the iphone5s. The test environment is the same 
as the experiment mentioned above. The IMEI of the 
iphone5s is “358778050761484”, the challenge 
received from the server via the 3G network is 
“a35Vrf9E”. The result is shown in Fig. 7. As we can 
see in Fig. 8, the attack cannot crack the SHA256 to 
obtain the useful users' credentials. As the dynamic 
password is only valid within a certain time windows, 
the attacker cannot use this dynamic password to 
connect the legitimate AP successfully. 

In our two-factor dynamic password technology, 
the challenge, which is transmitted via the 3G 
network, is important. In this paper, we use 
Cryptographically Secure Pseudo-Random Number 
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Generator to generate 6 bytes, and use base64 to 
convert 6 bytes to 8 bytes.  We connect the AP 7 
times to show the Pseudo-Random numbers. The 
result is shown in Table 1. As we can see in the 
Table 1, as the challenge changed, the dynamic 
password is totally different.  
 
 

 
 

Fig. 8. The test result of Two-factor-based dynamic 
password technology. 

 
 

Table 1. The correspondence table of challenge and 
dynamic password. 

 
Challenge Dynamic Password 

a35Vrf9E 
6e2111fbc90709703f03b3df4c45b56516f0f0cac49e
93e756b096f3c9ddf522 

4rF7Q9na 
a04155fd6f40efba2c6b7ddcb2f7fe873d3d061e55c9
55f55fd490043608d662 

Ec68D9m3 
095d7c63f8ad8b1b8dd9ef3e1f8ce6628dd80aa7977
747524ed7560dbf260884 

37dfN89a 
41df1f0f7aa1a73d3e586df7e708a9a1843115b734c
6c6f5222345fd562b0e83 

Qodf7Cdp 
39f62d0f2916367cb2ee7d65ad6aa777e0f7a2a4f44e
56dc8908899b7b35da60 

58asdwql 
a0af0632f00b6e671debc09a7ea471dbfbb20e195f93
c89281614545ac4217b6 

Sdwe45gf 
ee278f25c3f35fdfc705770da032a80d13ac36898b6
10c27ff9f96028bd6bcd6 

 
 
5.2. Security Analysis of Two-way  

Hash Chain 
 

The two-way hash-chain-based authentication 
protocol ensures the mutual authentication between 
the client and the authentication server. Now we use 
the BAN logic to analysis this protocol. The BAN 
logic has several modal operators and numerous rules 
of inference for manipulating the protocol to generate 
a set of beliefs including: 

1) P believes X. P is entitled to act as though X 
is true. 

2) P sees X. Someone has sent a message to P 
containing X so that he can read X and repeat it. 

3) P said X. At some time, P uttered a message 
containing X. 

4) P controls X. P is an authority on X and can 
be trusted on X. 

5) Fresh(X). It means that X has not been sent 
before in any run of the protocol. 

6) {X}K . X is encrypted with key K. 

7) P ⎯→←K Q. K is a secret known only to P, 
Q and possibly some trusted associates. 

8) R1 

XsaidQbelievesP

XseesPPQbelievesP K
K

        

}{    ,    ⎯→←

 
 

If P believes key (K, P↔Q), and P sees {X}K, 
then P believes (Q said X). 

9) R4 
 

XbelievesQbelievesP

XsaidQbelievesPXfreshbelievesP

        

         , )(    

 
If P believes (Q said X) and P believes fresh(X), then 
P believes (Q believes X). 

10) R5 
 

XbelievesP

XbelievesQbelievesPXcontrolsQbelievesP

  

     ,     

 
If P believes (Q has jurisdiction over X) and P 

believes (Q believes X), then P believes X. 
11) R11  

 

),(    

)(    

YXfreshbelievesP

XfreshbelievesP
 

 
If P believes that X is fresh, then P believes that 

(X,Y) is fresh. 
Now we formalize the protocol, where S 

represents the authentication server, C on behalf of 
the client, the combination of T represents a random 
number and timestamp, IDC represents the hash chain 
node of client and IDS represents the hash chain node 
of the authentication server. 

1) S→C: S sends an identity request and T  
to C. 

2) C→S: C sends an identity response and {T, 
IDC}Ki to S. Ki is the share key between C and S. 

3) S: As soon as S receives {T, IDC}Ki, it 
verifies the IDC. If the IDC is legal, continue to step 4, 
otherwise the authentication fails. 

4) S→C: S sends {T, IDC}Ki to S. Ki is the 
share key between C and S. 

5) C: As soon as S receives {T, IDS}Ki, it 
verifies the IDS. If the IDS is legal, the authentication 
is success. 

We reserve the relevant part of the protocol 
security analysis: S sees {T, IDC}Ki, C sees  
{T, IDS}Ki. Our safety goal is: S believes IDC, C 
believes IDS. 

Then, we make the following initial assumptions 
on the protocol: 

1) P1 CSbelievesS Ki      ⎯→←  

2) P2 SCbelievesC Ki       ⎯→←  

3) P3 )(    TfreshbelievesS  

4) P4 )(    TfreshbelievesC  
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5) P5 CIDcontrolsCbelievesS          

6) P6 SIDcontrolsSbelievesC          
Finally, we use analogical reasoning. When S 

sees (T, IDC)Ki, according to the condition P1 and the 
rule R1: 

 

XsaidQbelievesP

XseesPPQbelievesP K
K

        

}{    ,    ⎯→←
 

 

We can know S believes C said {T, IDC} which 
also means S believes C said IDA. 

According to the condition P3 and the rule R11: 
 

),(    

)(    

YXfreshbelievesP

XfreshbelievesP  

 

We can know S believes fresh(T， IDC) which also 
means S believes fresh(IDC). 

According to the condition P3 and the rule R4: 
 

XbelievesQbelievesP

XsaidQbelievesPXfreshbelievesP

        

         , )(     

 

We can know S believes C believes IDC. 

According to the condition P5 and the rule R5: 
 

XbelievesP

XbelievesQbelievesPXcontrolsQbelievesP

    

        ,        
 

 

We can know S believes IDC. In the same way, we 
can know C believes IDS. 

According to the analysis above, we know that 
the protocol fully meets the security objectives S 
believes IDC, C believes IDS. Therefore, the protocol 
can meet our demand.  
 
 

6. Conclusions 
 

In this paper, we introduce the MitM framework 
based on Rogue AP to the wireless environment with 
EAP-TTLS authentication. We also propose a 
dynamic password technology based on two-factor 
and a protocol based on a two-way hash chain to 
resist to this MitM attack. With the growing demand 
for Internet and mobile office, we should see WLAN 
to play a more significant role in the game in a near 
future. The security of WLAN will become a hot 
research direction. More advanced network security 
technologies should appear to meet the demand. 
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Abstract: Biological species invasion problem bring serious damage to the ecosystem, and have become one of 
the six major enviromental problems that affect the future economic development, also have become one of the 
hot topic in domestic and foreign scholars. Remote sensing technology has been successfully used in the 
investigation of coastal zone resources, dynamic monitoring of the resources and environment, and other fields. 
It will cite a new remote sensing image change detection algorithm based on adaptive pulse coupled neural 
network (PCNN) and improved C-V model, for remote sensing dynamic monitoring of biological species 
invasion. The experimental results show that the algorithm is effective in the test results of biological species 
invasions. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Biological species invasion, Adaptive pulse coupled neural network, Improved C-V model, Remote 
sensing dynamic monitoring. 
 
 
 

1. Introductions 
 

Biological species invasion problem as an 
important component of global change is considered 
to be one of the most difficult environmental 
problems in the current. Once the alien species 
invasion success, such as the successful invasion of 
Spartina alterniflora Loisel, tend to reduce the 
invaded region’s biodiversity, change the original 
structure and function of the local ecosystem, 
eventually led to the degradation of ecosystem, and 
loss of ecosystem functions and services, bring the 
global environmental problems, economic 
development, and even the human body health 

immeasurable losses. Therefore, in order to 
effectively detect and management, reasonable 
development and utilization of alien species invasion, 
turn bane into a boon, need for invasion species 
population spatial distribution and dynamic change in 
real-time monitoring [1-3]. 

At present, the remote sensing image change 
detection technology has become the key 
technologies of new generation intelligent earth 
observation satellite, has been successfully used in 
urban planning and layout, land cover/use 
monitoring, military surveillance, disaster 
assessment, etc. The technology to a certain extent, 
makes up for the big interval of time and space of 
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traditional monitoring methods, laborious and 
difficult to have overall and common sense and the 
defects of high cost and difficult [4-6]. In order to 
better dynamic monitoring of biological invasions, 
more effectively reduce the harm brought by 
biological invasion, this article will cite a new remote 
sensing image change detection method with the 
combination of adaptive pulse coupled neural 
network image fusion algorithm and the improved C-
V model segmentation algorithm on biological 
invasions dynamic monitoring problem, ultimately 
achieve the desired monitoring purposes. The 
experimental results show that the algorithm is 
effective in the test results of biological invasions. 
 
 

2. The Dangers of Alien Species Invasion 
and Cause Problems 

 

According to statistics, at present our country 
found that at least 188 species of invasive plants, 
81 species of invasive animals, 19 species invading 
microbes; released by the world conservation union 
the world's 100 kinds of the most dangerous invasive 
species, found 50 species in our country, causing 
serious damage to the agriculture, forestry, water 
conservancy, animal husbandry [7, 8]. 

Estuarine wetlands and coastal tidal flats wetlands 
is the highest per unit area ecosystem service value 
ecosystem types, but it is also a type of environment 
which is very easy to be invaded by alien species. 
Spartina alterniflora Loisel is native to the Atlantic 
coast and the Gulf of Mexico, because of 
intentionally or unintentionally into, has now become 
one of the most successful invasion plants of the 
coastal salt marsh ecosystem. Invasive species cause 
a series of problems, such as, directly reduce the 
number of species, indirectly reduce the number of 
species depends on the local species to survive; 
change local ecosystem and landscape, reduce the 
ability of control and resistance on fire and pests, 
lower the capability of soil conservation and nutrition 
to improve, reduce the ability of moisture to maintain 
and water quality to improve, ultimately reduce 
biodiversity protective capability [9]. 

According to the above analysis, in order to better 
dynamic monitoring of biological invasions, more 
effectively reduce the harm brought by biological 
invasion, it is necessary to adopt the new remote 
sensing image change detection method combining 
adaptive pulse coupled neural network image fusion 
algorithm with improved C-V model segmentation 
algorithm. 
 
 
3. Theoretical Models and Algorithm 
 
3.1. Theoretical Model 
 

This paper cites an unsupervised change detection 
algorithm in remote sensing images based on 

adaptive pulse coupled neural network (PCNN) and 
improved Chan-Vese model.  

The new algorithm flow chart is shown in Fig. 1. 
Firstly, the adaptive PCNN algorithm fuses the 
results of the subtraction method [10] and the ratio 
method [10] to obtain complementary 
information [11]; then, the image segmentation 
algorithm based on improved C-V model separates 
the change regions from the merged difference 
image [12]. This method can overcome the shortage 
of the threshold method which is difficult to get 
accurate result when the difference between changed 
area and unchanged area is inconspicuous.  
 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Algorithm flow chart. 
 
 

As shown in Fig. 1, this paper proposes an 
unsupervised change detection algorithm consists of 
three main steps: 1) use the subtraction method and 
the ratio method for difference image; 2) adopt 
adaptive PCNN image fusion algorithm to construct a 
new difference figure; 3) improved C-V model 
separates the change regions from the merged 
difference image. 
 
 
3.2. Implementation Algorithm 
 

According to the above theory model, the 
algorithm implementation steps are as follows: 

Step 1: Read the two remote sensing images not 
at the same time phase needed for processing, using 
the subtraction method and the ratio method to gain 
the corresponding difference image of subtraction 
method A  and difference image of ratio method 
B  [10]. 
 

 
2 1A I I= − , (1) 

 
2 1B I I= , (2) 

 

Step 2: Normalize the two difference images A  
and B , respectively denote as 'Α  and 'Β . Order

 'Α  as the feedback input to each neuron of the first 

T1 image 

The difference image of 
subtraction method 

Adaptive PCNN image fusion algorithm 

A new difference figure 

The difference 
image of ratio 

method 

Change detection results 

T1 image 
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neural network PCNN1 and the second neural 

network PCNN2; Order 
 

'Β  as the feedback input to 
each neuron of the third neural network PCNN3 and 
the fourth neural network PCNN4; 

Step 3: Calculate the EOL of each pixel in both 
'Α  and 'Β , and respectively order as the connection 

strength value of corresponding neurons in the neural 
network PCNN1 and PCNN3; calculate the SD  of 

each pixel in both 'Α  and 'Β , and respectively order 
as the connection strength value of corresponding 
neurons in the neural network PCNN2 and PCNN4; 
Order ( ) ( ) ( ) ( )0 0 0 0ij ij ij ijL U Y= = Τ = , ( )0 1ijθ = ;  

The EOL  and SD  of the pixel point ( ),x y
 

defined as [11]: 
 

 ( )
( )

2

,
uu vv

u v

EOL f f
ω∈

= + , (3) 

 
 

( )
( )

2
,

1
,

u v

SD f u v f
l ω

•

∈

 = −  , (4) 

 
Among them 

 
( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( )

1, 1 4 1, 1, 1

4 , 1 20 , 4 , 1 1. 1

4 1, 1, 1

uu vvf f f u v f u v f u v

f u v f u v f u v f u v

f u v f u v

+ = − − − − − − − +

− − + − + − + −

− + − + +

, 

(5) 
 
where ( ),f u v  is the pixel values of point ( ),u v ; 

ω  is a l l× window with ( ),x y
 
as the center of the 

window; l  is an odd number; generally choose 3 or 

5; f •
 is the average of all the pixel in the window. 

Weighted function is defined as [11]: 
 

 
1 1 2 2f f fω ω= + , (6) 

 

where f   is the new ignition map of the image; 

1f  and 2f respectively are the corresponding 

ignition map of EOL and SD ; 1 2 1ω ω+ = , 

( )0 1,2i iω> = , in this paper, taking 1 2 0.5ω ω= = . 

Step 4: Set ( )1, 2,3, 4iO i =
 
as the output of the 

neural network PCNNi , by Eq. (5) to get the 

corresponding new ignition map AO
 
and BO

 
of A  

and B , 1 1 2 2AO O Oω ω= + , 1 3 2 4BO O Oω ω= + ; 

Step5: use the rules show in Eq. (7) to select the 
fusion coefficient, gain the merged difference figure 

( ),F i j . 

 ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

, , ,if , ,

, , ,if , ,
A B

A B

F i j A i j O i j O i j

F i j B i j O i j O i j

= >
 = ≤

, (1) 

 

Step 6: Normalize the image ( ),F i j  and filter it 

by a 3 * 3 median filter to erase the noise; Do 
morphological close operation to erase the small 
holes and then fill the larger holes in the image, 
convert it to binary image; 

Step 7: Label all the four connected regions of the 
image, then do morphological dilate operator to link 
the broken edge and extract the first k biggest 
connected regions (maximum pixels); apply the 
canny operator on the extracted regions to get the 
initial curve φ1 and φ2. 

Step 8: Compute c00, c01, c10, c11 by Eq. (8).  
cij as the mean vector of each phase or class, can be  
as follows: 
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 dxdy

















, 

(1) 

 
Adding gradient information to the traditional 

model, to accelerate the edge orientation, to eliminate 
the interference of small area. In Eq. (8), u0 will be 
changed into: 
 

 
0 1 0 2u a u a g= + , (9) 

 
Step 9: Solve the partial differential equation in φ 

using central difference. 
Step 10: Repeat the process in steps 8 and 9 until 

the terminating criteria are met, then output the final 
segmentation result, also the change detection results. 
 
 

4. Experiments and results 
 

In order to test the performance of the new 
method in the dynamic monitoring of biological 
invasions, choose the distribution information of 
Spartina alterniflora Loisel in LuoHai bay area from 
different periods of satellite image data as the 
experimental data [13]. Fig. 2 (a) is the remote 
sensing information of Spartina alterniflora Loisel in 
LuoHai bay area in 2000, Fig. 2 (b) is the remote 
sensing information of Spartina alterniflora Loisel in 
Luo Hai bay area in 2006. Black in Fig. 2 (a) and  
Fig. 2 (b) is the land; gray is waters and tidal flats; 
white is Spartina alterniflora Loisel. 
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In order to better illustrate the performance of the 
new method, comparing with the NSCT-FCM 
method [14]. 
 
 

   
 

(a) 2000 (b) 2006 
 

   
 

(c)NSCT-FCM (d) new method 
 

Fig. 2. The remote sensing information of Spartina 
alterniflora Loisel in LuoHai bay area. 

 
 

From Fig. 2 can be qualitatively known: NSCT-
FCM method almost no way to accurately detect the 
change information of Spartina alterniflora Loisel, 
this article cited the new algorithm in dynamic 
monitoring of biological invasions have certain 
breakthrough. From Table 1, the run time of new 
method is faster than NSCT-FCM method.  
 
 

Table 1. Run time of the two methods. 
 

Methods Run Time(s) 
NSCT-FCM 34. 6335 
New method 20. 3452 

 
 

As you can see, this method is basically accurately 
detect the change information of Spartina alterniflora 

Loisel. Compared with traditional monitoring 
methods, this method can not only save manpower 
and material resources, also can more quickly and 
accurately provide information about the spread 
information of the invasive species, provide a 
scientific basis for better protect the ecological 
environment and biodiversity [15]. 
 
 

5. Conclusions 
 

Research results show that the use of advanced 
remote sensing image change detection technique, 
can more effectively to do real-time testing and 
research on the spatial distribution and dynamic 
change of invasive species, more effectively reduce 
the harm brought by biological invasion. The 
referenced new method in this paper makes full use 
of the adaptive PCNN image fusion algorithm to 
realize the complementary information of difference 
image, and image segmentation algorithm based on 
improved C-V model overcomes the deficiency of 
threshold value method, thus achieves better change 
detection results. But due to the lack of 
comprehensive knowledge of invasive species at the 
present, the basis is relatively weak, so the study on 
invasive species control techniques and measures to 
prevent is less. So keep learning the comprehensive 
knowledge of invasive species, also strengthen the 
research on invasive species of remote sensing 
dynamic monitoring. 
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Abstract: An improved fusion algorithm for multi-source remote sensing images with high spatial resolution 
and multi-spectral capacity is proposed based on traditional IHS fusion and grey correlation analysis. Firstly, 
grey absolute correlation degree is used to discriminate non-edge pixels and edge pixels in high-spatial 
resolution images, by which the weight of intensity component is identified in order to combine it with high-
spatial resolution image. Therefore, image fusion is achieved using IHS inverse transform. The proposed 
method is applied to ETM+ multi-spectral images and panchromatic image, and Quickbird’s multi-spectral 
images and panchromatic image respectively. The experiments prove that the fusion method proposed  
in the paper can efficiently preserve spectral information of the original multi-spectral images while  
enhancing spatial resolution greatly. By comparison and analysis, the proposed fusion algorithm is better than 
traditional IHS fusion and fusion method based on grey correlation analysis and IHS transform.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Image fusion, Grey absolute correlation degree, Edge detection, IHS transform. 
 
 
 
1. Introduction 
 

In general, panchromatic image has a higher 
spatial resolution and a lower spectral resolution. On 
the contrary, multi-spectral images have a higher 
spectral resolution and a lower spatial resolution. The 
image fusion process between them makes fused 
image to possess not only higher spatial resolution of 
high-resolution image (e.g. panchromatic image), but 
also higher spectral resolution of multi-spectral 
image, and it improves interpretation precision, 
classification accuracy, multi-temporal monitoring 
capacity and the accuracy of plotting thematic map. 
Now, a lot of data fusion methods are developed: 
High Pass Filter (HPF), Brovery Transform (BT), 
Principal Component Analysis (PCA) transform, 

Wavelet Transform (WT), IHS transform and so  
on [1]. 

In the process of HIS transform, the first 
component is replaced by high-spatial resolution 
image directly, so that spectral distortion in 
comparison with original image will take place, 
which is harmful to correct recognition and 
classification. Many scholars have introduced the 
grey correlation analysis to HIS transform of image 
fusion, which can effectively overcome the spectrum 
distortion of IHS transform, good results would be 
achieved [2, 3]. In this paper, on the basis of the 
reference [4], after analyzing the disadvantages of the 
grey correlation degree and the superiority of grey 
absolute correlation degree, a new image fusion 
method is proposed. Not only are edge points and 
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non-edge points in panchromatic image detected by 
using of the grey absolute correlation degree, but also 
image weighted fusion is conducted adopting IHS 
transform. Experiments show that the new method is 
better than another methods, which indicates 
traditional IHS transform and combination of grey 
relationship analysis and IHS transform (detailed 
information may refer to the reference [4]), the visual 
interpretation and qualitative assessment verify its 
effectiveness and reliability . 
 
 

2. Edge Detection Based on Grey 
Correlation Analysis 

 
The grey system theory was founded by Professor 

Julong Deng (Chinese scholar) in 1982, which 
focused on less data, deficient information, 
uncertainty problem [5]. Grey correlation analysis is 
an important part of grey system theory, which 
measures correlation degree by the geometric 
relationship or curve similarity, comparative analysis 
of curve or geometric relationship on the reference 
sequence and comparative sequence, if two curves 
are similar in shape, the correlation degree is larger, 
otherwise, smaller one. 
 
 

2.1. Grey Correlation Calculation 
 

Since the grey system theory was founded, many 
correlation calculation methods have been put 
forward subsequently [6]. Representative one is 
proposed by Prof. Deng, detailed processing may 
refer to reference [5], which is calculated as follows: 

1) Determining the reference series )(0 kx  and 

compare series )(kxi , where: 
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2) Calculating the grey correlation coefficient 
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ρ  is the resolution coefficient and the constant 

(generally, 5.0=ρ , thus: 

]1,0())(),(( 0 ∈kxkxr i . 

 
3) Calculating the grey correlation degree 

between reference series )(0 kx  and compare series 

)(kxi . 
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The calculation of correlation degree is affected 

several aspects in the following: the influence about 
minimum absolute difference and maximum absolute 
difference of two levels; the correlation coefficient is 
affected by sample number of each point. Correlation 
coefficient, correlation degree is also affected  
by resolution ρ . Detailed analysis may view 

reference [6]. 
 
 
2.2. Grey Absolute Correlation Degree 

Calculation 
 

In order to overcome the shortage of the above 
correlation degree, the concept of grey absolute 
correlation degree was put forward by Zhenguo Mei, 
and the corresponding calculation method was given 
out. The basic idea is that the correlation degree is 
determined by degree of closeness of rate of curve in 
the corresponding period of time according to two 
time series. For discrete data series, degree of 
closeness of two curves indicates proximity of rate of 
curve in the corresponding period of time about two 
time series, if the two curves on the slope of the 
curve at all times equal to or smaller difference, the 
correlation coefficient between them is large, 
otherwise small. Grey absolute correlation degree 
calculated as follows [7]: 

1) Initializing the reference series and compare 
series, initialization is to make the series comparable. 
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2) Calculating correlation coefficient of  

each point.  
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3) Calculating absolute correlation degree. 
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Grey absolute correlation degree has two 
characteristics: symmetry and uniqueness. On the one 
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hand, two series may be regarded as reference series 
to calculate correlation coefficient and correlation 
degree respectively, the value is consistent, and it is 
not affected by other factors, that is: 
 

))(),(())(),(( 00 kxkxrkxkxr ii =  
 

On the other hand, when sample number changes, 
the correlation coefficient has no change, it has the 
property of uniqueness [5]. 
 
 

2.3. The Edge Detection Based on Grey 
Absolute Correlation Degree 

 

The edge detection of gray system theory into 
practice is a novel idea, some scholars have carried 
out some studies on the application of image edge 
detection by using of Grey Relational Analysis. 

The edge of image refers to the image of the pixel 
gray set, including step change or roof change. For 
edge detection, each pixel in an image belongs to 
either edge points or non-edge points. Theoretically, 
adjacent pixels near edge points have drastic change 
in the grey value; the grey absolute correlation degree 
reflects the change. Ideal non-edge points have the 
same value as adjacent pixels; therefore, reference 

series 0x  may be consisted of ideal non-edge points 

and its eight neighborhood pixels, correspondingly, 

compare series ix  is composed by one pixel in an 

image and its eight neighborhood pixels. Through 
grey correlation analysis, the value of grey 
correlation degree implies similarity between the 
reference series and compare series, when it is larger, 
the geometric shape of two series is similar, thus, the 
pixel can be thought of as non-edge point; in  
the same way, when it is small, the pixel is edge  
point [8]. 

Two deficiencies exist in edge detection applied 
by correlation degree of Prof. Deng, one is resolution 
ρ  results in non-uniqueness of correlation degree, 

another is distance between two series affects 
correlation degree. Grey absolute correlation degree 

has five superiorities in edge detection (namely 
symmetry, correlation degree uniqueness, non-
correlation with distance, operability, direction) [5]. 
In addition, the compare series in reference [4] only 
select five pixels, including one pixel and four 
neighborhood pixels located horizontal and vertical 
directions, so other pixels located in the diagonal 
direction are not considered, which leads to edge 
detection under restrictions in the direction. For these 
reasons, compare series consist of one pixel and eight 
neighborhood pixels, then edge detection is 
conducted by grey absolute correlation degree, 
complete steps are in the following [9]:  

1) Determining the reference series and  
compare series. 

Let reference series ]1,1,1,1,1,1,1,1,1[0 =x , 

comparative series: 
 

],,,,

,,,[

1,1,11,11,1,

,11,1,

+++−++−

−−−=

jijijijiji

jijijii

xxxxx

xxxx
, 

 

where NjMi  ,2,1;,2,1 == , If 0,0 == ji  

or NjMi == , , non-defined pixels of eight 

neighborhood have the same value as nearest pixels, 
thus compare series (size NM × ) will be obtained.  

2) Calculating the correlation coefficient 

))(),(( 0 kxkxr i  between reference series and 

compare series. 
3) Calculating absolute correlation degree and 

extracting the image edge. Judgment rule of edge 

points is: when ),( 0 ixxr  is greater than a given 

threshold value θ  of correlation degree, the pixel is 
non-edge point because it has similar characteristic 
with reference series, otherwise, it is edge point. 

Fig. 1 is edge detection results for TM image, 
which shows two methods of edge detection result 
difference is very big, in terms of the detail of the 
edge image, edge detection method based on grey 
absolute correlation degree is significantly better than 
Roberts algorithm. 

 
 

   
 

(a) original TM image (b) edge detection by Roberts 
algorithm 

(c) edge detection by grey absolute 
correlation degree ( 85.0=θ ) 

 

Fig. 1. Results of edge detection to TM image. 
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3. Image Fusion Based on Grey Absolute 
Correlation Degree and IHS Transform 

 
Considering the disadvantages of the IHS  

transform fusion method, this paper has an 
improvement on the basis of reference 4.  

The grey correlation analysis based on grey 
absolute correlation degree is used to conduct edge 
detection of high-spatial resolution, and fused IHS 
and multi spectral data. The basic process is  
as follows: 

1) Selecting three bands of multi-spectral remote 
sensing data for IHS  transform, then, lightness ( I ), 

hue ( H ) and saturation ( S ) components  
are obtained. 

2) Conducting edge detection for high-spatial 
resolution using the grey correlation analysis based 
on grey absolute correlation degree, edge points and 
non-edge points are gotten. 

3) Carrying out histogram matching between 
high-spatial resolution image and the above lightness 
component I , obtaining a new similar image with 
lightness component histogram. 

4) Linear weighted fusion is conducted between 
high-spatial resolution and lightness component I  
obtained by histogram matching. In order to highlight 
the details of high-spatial resolution image, larger 
weights are given the edge points, thus getting new 
lightness component I ′ , repeated experiments show 
the weight for 0.75 and 0.25 respectively achieves a 
good fusion result. 
 

],[],[],[],[],[ 21 jiIjijiPjijiI ×+×=′ ωω , (6) 

 
If the high-spatial resolution image pixel ],[ jiP  

is edge points, that is, θ≥),( 0 ixxr , then 

25.0],[,75.0],[ 21 == jiji ωω . If the high-spatial 

resolution image pixel ],[ jiP  is non-edge points, 

that is, θ<),( 0 ixxr , then 
1

0 25[ , ] .i jω = , 

2
0 75[ , ] .i jω = . 

5) IHS  inverse transform is carried out through 

new lightness component I ′ , hue component ( H ) 
and saturation ( S ) component, therefore, the fused 
image is gotten. 

Because the grey absolute correlation degree in 
edge detection has many advantages, for example, 
detecting useful edge information accurately and 
effectively, good anti-noise performance [7]. As a 
result, the proposed new algorithm keeps not only the 
more high-spatial resolution image details 
information and the spectral information of  
multi-spectral remote sensing data, but also good 
anti-noise capacity. 
 
 

4. Experiments and Analysis 
 

Experiment 1: ETM + multi-spectral and 
panchromatic image fusion. 

We choose ETM + images of Wanzhou district 
Chongqing city, China, which is obtained on 
March 18th, 2008, image size is 1024×1024 pixels. 
There are two types of image for ETM+, multi-
spectral images resolution is 30 meters, and high-
resolution panchromatic band is 15 meters, as shown 
in Fig. 2, Fig. 2(a) and Fig. 2(b) are original images 
respectively vegetation, river, village, town and 
landslide can be discriminated clearly (see Fig. 2). 

After each image radiation correction, image 
registration and re-sampling are carried out through 
image-to-image model, matching accuracy is 
controlled within 0.5 pixel, and then, other 
preprocessing is completed. Finally, fusion 
processing between ETM+ multi-spectral image and 
panchromatic image is conducted by three different 
methods that is, IHS  transform, the method referred 
to reference [4], the proposed new method. The 
results may show in Fig. 3. 

 
 

  
 

(a) Panchromatic image (b) Composite image of TM3,4,5 
 

Fig. 2. Original ETM+ image. 
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(a) IHS transform (b) Reference 4 method (c) Proposed method 
 

Fig. 3. Comparison between different fusion results(TM 3,4,5 composite). 
 
 

It is obvious in Fig. 3 that the texture and edge of 
image river, landslide, town in image Fig. 3(c) are 
clearly visible, compared with the original TM5,4,3 
composite image, spatial resolution makes a 
remarkable improvement, and the tone is consistent, 
achieving good fusion effect. In addition, among the 
three methods, in Fig. 3(c), edge information is the 
most clear, spectral information is kept completely, 
the hue is brought into correspondence with original 
images, spectral deformation is small, visual effect is 
better than others.  

So far, many quantitative assessment indexes of 
fusion result have been developed. This paper selects 
information entropy, average gradient, correlation 
coefficient and deviation index to assess the three 
fusion algorithm in spectrum fidelity, high frequency 
information fusion and image sharpness [10], the 
statistical indicators are shown in Table 1. 

1) Entropy. 
Image information entropy is an important index 

to measure the degree of image information 
increased. In general, if entropy is a greater, the 
image contains more abundant information [2]. From 
Table 1, the entropy of fusion image by the proposed 
method is 7.134, more than others, which shows that 
increased information is the most by the method. 

2) Spectral fidelity. 

The correlation coefficient between fused image 
and original multi-spectral image reflects their 
similarity, which indicates fused image keeps the 
spectral characteristics. Deviation index represents 
relative difference between the fused image and the 
original multi-spectral image average grey value, also 
reflecting deviation degree between the fused image 
and the original high spectral resolution images. 
From Table 1, compared with other methods, the 
deviation index of the proposed method is smallest, 
but the correlation coefficient is largest, which shows 
that the method can keep the original image spectrum 
information very good. 

3) Image sharpness. 
Average gradient reflects change property of 

small detail contrast and texture in an image, and also 
reflects the clarity of the image. From Table 1, the 
average gradient value of the proposed method is 
lowest, which is 5.637. It shows that sharpness of 
fused image by proposed method is highest, meeting 
the fusion demand. 

Comprehensive qualitative and quantitative 
analysis, the ETM + image fusion, the fusion 
algorithm in this paper in three kinds of fusion 
method can best to retain the original multi-spectral 
image spectral information, and space also get better 
enhance edge information details. 

 
 

Table 1. Quantitative statistics of fused images from ETM+ data. 
 

Method 
Average 
gradient 

Entropy 
Deviation 

index 
Correlation 
coefficient 

Composite image 7.932 5.061   
IHS transform fusion 7.629 6.137 0.1246 0.7474 
Reference [4] fusion 6.904 6.318 0.0746 0.8739 
Proposed method 5.637 7.134 0.0575 0.9051 

 
 

Experiment 2: Quickbird multi-spectral and 
panchromatic image fusion. 

In order to verify this algorithm to other image 
fusion effect, Quickbird images of Xuzhou city in 
China (Fig. 4) are chosen for experiment, which were 
obtained on September 10th, 2011. Its panchromatic 

image resolution reaches 0.61 meters, multi-spectral 
image resolution is up to 2.44 meters, there are four 
bands in multi-spectral image, that is, red, green, blue 
and infrared. Image size of experimental area is  
512 ×  512 pixels, using the same fusion methods as 
experiment 1, the fusion result is shown in Fig. 5. 
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(a) Composite image (band red, green, blue) (b) Panchromatic image 
 

Fig. 4. Original Quickbird images. 
 
 

   
 

(a) IHS transform (b) Reference 4 method (c) Proposed method 
 

Fig. 5. Comparison between different fusion results. 
 
 

From the visual effect (see Fig. 5), by 
comparison, Fig. 5(c) image and original Quickbird 
multi-spectral image are consistent in hue, keeping 
the best spectral information, and IHS  transform and 
reference 4 fusion methods keep the poorer spectral 
information. In the aspect of image edge, texture and 
clarity, the proposed method fusion image is the best, 
roads, river, vegetation, ground track field and 
buildings are clearly visible, many objects in 
Fig. 5(a) and Fig. 5(b) are indistinct, overall, the 
proposed method has good property of not only 
enhancing spatial detail edge information, but also 

keeping the best spectral fidelity. From quantitative 
analysis (see Table 2), compared with other methods, 
the proposed method has highest average gradient, 
largest entropy and correlation coefficient, these 
values are 17.037, 7.859 and 0.8446 respectively, 
which show that the fused image is the most clear, 
containing the most information, keeping the most 
spectral information, meanwhile, deviation index is 
smallest, which indicates fused image has high 
spatial resolution and spectral resolution, spectral 
distortion is small, so it is an ideal, effective and 
reliable new method. 

 
 

Table 2. Quantitative statistics of fused images from Quickbird images. 
 

Method 
Average 
gradient 

Entropy 
Deviation 

index 
Correlation 
coefficient 

Composite image 9.078 5.245   
IHS transform fusion 13.216 6.868 0.2916 0.5123 
Reference [4]  fusion 15.596 7.226 0.1731 0.7304 
Proposed method 17.037 7.859 0.1275 0.8446 

 
 

5. Conclusions 
 

This paper studies the combination of grey 
absolute correlation degree and IHS transform to 
realize multi-source remotely sensing imagery fusion, 

and carrying out the experimental analysis. 
Conclusions are drawn as follows: 

1) Grey absolute correlation degree overcomes 
the shortcomings of correlation degree non-
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uniqueness caused by discrimination coefficient ρ  

and correlation degree affected by distance between 
these series, which is useful to edge detection of 
remotely sensing imagery.  

2) Using grey absolute correlation degree to 
extract edge information of high-spatial resolution 
image, image pixels are separated into edge points 
and non-edge points. When images are conducted 
weighted fusion by IHS transform method, edge 
points are given larger weight and non-edge points 
are given smaller weight, it is an effective method of 
multi-source remote sensing information fusion [11]. 

3) Two experiments show that the proposed 
method not only improves the spatial resolution of 
multi-spectral remote sensing image effectively, 
enhances the image sharpness, increases the amounts 
of information, integrates detail information of the 
high-spatial resolution image, but also has significant 
advantages in terms of keeping spectral information. 

Despite the combination of the grey absolute 
correlation degree and IHS transform is a simple, 
effective method from the aspects of qualitative and 
quantitative analysis, there still are some problems to 
need further research, such as improvement is needed 
for image edge detection using grey absolute 
correlation degree in the area of smaller grey value, 
self-adaptive selection of correlation degree threshold 
θ , the combination of grey correlation analysis and 
other fusion methods, etc. [12]. In addition, fused 
image can be applied to subsequent processing such 
as image classification and information extraction, 
thus the accuracy and reliability of the remote 
sensing image processing and information extraction 
can be improved greatly. 
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Abstract: To estimate a spacecraft trajectory, the observation satellite position should be calculated in advance. 
Through the simplified equation of motion based on the observation satellite for finishing the second order 
differential equation. By the MATLAB simulation interpolation operation with the existing list data, solution to 
satellite of three dimensional position in different moments. By the point wise intersection positioning method to 
estimating the trajectory of the spacecraft, the position and velocity of the spacecraft in a certain time will be 
obtained. And using simulated annealing for the mathematical model of a spacecraft trajectory and analyzing the 
rationality of the estimate. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: MATLAB interpolation, Point wise intersection positioning method, Trajectory reckon, Simulated 
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1. Introduction 
 

Some countries will launch special purpose 
spacecrafts, such as ballistic missiles, reconnaissance 
satellites. Implementation of monitoring and quick 
response to the hostile spacecraft on the launch of 
other countries has important strategic significance 
for the maintenance of national security. Find 
emission and detecting its orbital parameters is to 
realize monitoring and respond to the first step, 
without which further judgment and reaction will be 
impossible. Being at the top of the earth, the satellite 
is an important platform of today's probe spacecraft 
launch and orbital parameters [1]. In recent study, 
there are lots of methods to estimate the spacecraft 
trajectory, such as statistical determination of orbits, 
base on the determination of federated filtering orbit, 
determination of orbits by USB and VLBI and so  
on [2, 3]. 

2. The Analysis of Satellite Trajectory 
and the Establishment of Coordinate 

 
2.1. The Analysis of Spacecraft Trajectory 
 

The spacecraft trajectory can generally be divided 
into three sections: the active phase, oblique segment 
and attack segment. Fig. 1 is the active phase diagram 
(not to scale). The ground launch point is located at 
point A, AB for vertical ascent stage, BC arcs for the 
program bend segment, CD arcs for gravity oblique 
stage, DE arcs for elliptical orbit [1]. 
 
 

2.2. Coordinate System 
 

The first coordinate system is a translational basic 
coordinate system, which takes the center of the 
Earth cO  

as the origin, takes axis z  from the Earth 

http://www.sensorsportal.com/HTML/DIGEST/P_2561.htm

http://www.sensorsportal.com
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rotation axis, takes axis x from cO  pointing to zero 

moment on 0 longitude line, and determine axis y  

by right-handed, it is the establishment of a 
rectangular coordinate system c c c cO X Y Z− . 

The second coordinate system is the observation 
coordinate s s s sO X Y Z−  

with the satellite motion, 

who’s origin is taken from the satellite center sO , 

the axis sX is along the connection c sO O , leaving 

the Earth is the direction, the shaft sZ  
and sX  

vertical point north, the axis sY  is determined by the 

right-handed [1]. The above-mentioned two 
coordinates see Fig. 2 below. 

 

 
Fig. 1. Schematic diagram of the active phase  

of spacecraft trajectory. 

 
Fig. 2. Observation coordinate system diagram. 

 
 

3. Modeling and Solving for the Power 
Segment of Observation Satellites 
Trajectory to be Estimated 

 
Position calculation of observation satellites is the 

premise to estimate the spacecraft trajectory. 
 
 
3.1. Establishment and Solving of the 

Position Model of Observation Satellites  
at any Time 

 
3.1.1. The Establishment of the Model 
 

In a short period of time, it is assumed that the 
Rectangular coordinate system c c c cO X Y Z−  does 

not rotate with the Earth as inertial coordinate 
system. Simplified equation of motion for 
observation satellites [1]: 
 

 
3=

| |
mG= er ( t ) F r ( t )

r ( t )

   , (1) 

 
 [ ]( )= (t) (t) (t)

T
r t x y z


, (2) 

 
 ( )=[ (t) (t) (t) ]Tr t x y z

    , (3) 

 
Substituting Formula (2) and (3) in (1), we obtain 

the differential equation as the following identity 
holds: 
 

 
3[ (t) (t) (t)] = [ (t) (t) (t)]

|| (t)||
T TmG

d x y z x y z
r

−    , (4) 

3.1.2. Solution of the Model 
 

Extract references [1] satinfo.txt files, 00, 06,09 
satellites pose parameters are as follows (Table 1): 
 
 

Table 1. 00, 06, 09 satellites pose value. 
 

Number
 
Posture 

00 06 09 

x 0.000000 -1732113.220573 -6126905.483436

y -6493774.465428 9092044.771852 3993014.549776 

z -6493774.465428 1732113.220573 6126905.483436 

x 6653.695256 -4453.807606 -1930.523921 

y 0.000000 -1566.513180 -5793.950363 

z 0.000000 4453.807606 1930.523921 

 
 

Observation satellite data in Table 1 using 
MATLAB variable step Runge-Kutta method [4]. 
The three-dimensional position of the satellite at 
different times can be obtained by solving equation 
(4). Let us take 09 Satellite as an example: in 50.0 s, 
100.0 s, 150.0 s, 200.0 s, 250.0 s five time three-
dimensional position. See Table 2 and Fig. 3. 
 
 

Table 2. Values of the five positions for satellite No. 09. 
 

Position
(106 m)

Time(s) 
X Y Z 

50 1.773806 8.161384 4.516700 
100 1.501626 8.126764 4.684680 
150 1.227700 8.082699 4.847216 
200 0.952349 8.029253 5.004127 
250 0.675894 7.966502 5.155238 
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Fig. 3. Five position curves for satellite No. 09. 
 
 

4. Spacecraft Trajectory Estimation 
Modeling and Solving 

 
4.1. Calculate the Actual Position of the 

Spacecraft Relative to the Cartesian 
Coordinate System c c c cO X Y Z−  

 
4.1.1. Determination of the Direction Vector 

k


 of the Aircraft in the Coordinate 
System of Observation Satellite. 

 

Observation data of spacecraft observations to 
Observation Satellites can be determined through 
simplification two dimensionless ratios in 
observation coordinates: 
 

 
;s s

s s

y z

x x
α β= =

, 
(5) 

 

where , ,s s sx y z are coordinates of the spacecraft in 

the observation coordinate system. Combination of 

simulation data files meadata_i_j.txt [1] shows that 

the direction vector =(1, , )α βk


of the aircraft in the 

coordinate system of the satellite. 
 
 
4.1.2. Find the Rotation Matrix by 

Observation Coordinate System 

s s s sO X Y Z−  Relative to the Cartesian 

Coordinate System c c c cO X Y Z−  [5] 

 
The angle between the projection of vector c so o


 

within plane c c cx o y  and the shaft cx  and shaft sx  

are 
sL  and

sB . Through analysis, the shaft sx , the 

shaft cz , the shaft sz  are coplanar. The posture of 

the observation coordinate system s s s sO X Y Z−  may 

be obtained by rotating a Cartesian coordinate system 

c c c cO X Y Z− , the rotation matrix is: 

 
 ( ) (y )R R z L R B=c

s

o 1
o c s s s, , , (6) 

 

( ) ( )

( ) ( )

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2

2 2 2 2 2 2

=

0

c

s

c c c c

c c c c c c c c c c

c c c c

c c c c c c c c c c

c cc

c c c c c c

x y x z

x y z x y x y x y z

y x y zo R
o x y z x y x y x y z

x yz

x y z x y z

 
− − 

 + + + + + + 
 − 
 + + + + + +
 
 + 
 + + + +   

 
 

4.1.3. Direction Vector k


 of the Satellite in 
the Coordinate System of Observation 
Satellites 

 

Direction vector k


 of the satellite in the 
coordinate system of observation satellites can be 
showed in the Cartesian coordinate system 

c c c cO X Y Z− , said: 

 
 

( , , ) c

s

To
om n p Rk= =l

 
 (7) 

 
 
4.1.4. To give the Equations of the Straight 

Lines Connect to Aircraft 
 

Let L1 and L2 be the two straight lines which 
connect to aircraft respectively from the 6th and the 
9th satellite. In the Cartesian coordinate system 

c c c cO X Y Z− , the equations of L1 and L2 can be 

expressed as follows: 
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1 1 1

1
1 1 1

2 1 1
2

2 2 2

z-z
: =

z-z
: =

c c c

c c c

x x y y
l

m n p

x x y y
l

m n p

− − =
 − − =


, (8) 

 

where (i=1,2) are the position coordinates of the two 
satellites, and (i=1,2) are the direction vectors of L1 
and L2. 
 
 

4.1.5. To Solve the Midpoint Coordinate  
of Common Perpendicular Segment 

 

Let L3 be common perpendicular segment of L1 
and L2. Then a direction vector of L3 can be 
expressed by 
 

 ),,(),,( 222111 pnmpnmW ×=  

),,(
22

11

22

11

22

11

nm

nm

mp

mp

pn

pn
=

(9) 

 

Then the equation of the plane 1π  determined by 

L1 and L3 can be given as follow 
 

0)()()( 111111 =−+−+− ccc zzQyyRxxN
, (10) 

 

where ),,( 111 QRN  is vector product of the 

direction vectors of L1 and L2.  
Let C be the point of intersection of the straight 

line L2 and the plane 1π , then C is an endpoint of 

common perpendicular segment, and its coordinate 
can be given by 
 

 
2 2 2 2 2 2

( , , )
c c c

m t x n t y p t z+ + + , (11) 
 

where  

1 1 2 1 1 2 1 1 2

2 1 2 1 2 1

( ) ( ) ( )
c c c c c c

N x x R y y Q z z
t

m N n R p Q

− + − + −
=

+ +
 

Similarly, another coordinate of endpoint of 
common perpendicular segment can be expressed by 
 

 
1 1 1 1 1 1

( , , )
c c c

m s x n s y p s z+ + + , (12) 

 
where 
 

212121

122122122 )()()(

QpRnNm

zzQyyRxxN
s cccccc

++
−+−+−= , 

),,( 222 QRN
 
is vector product of the direction 

vectors of L2 and L3. 
 

Using (11), (12) and formula of midpoint 
coordinates, we can get midpoint coordinate of 
common perpendicular segment CD easily. The 

coordinates of the CD


  center: 
 

 
( ) 1 2 1 2 1 2

2 2 2

x x y y z z
x y z

+ + + = 
 

   (13) 

 
 
4.2. Solution of the Speed and Position  

of the Sample Data 
 

The spacecraft tracking measurement data 

sequence is 0{ ( ), , 1, 2,3, }i iy t t t ih i= + =   

assumed where h is the sampling interval. For 

measurement data sequence { }, 1, 2,3,iy i =  , the 

true value of the measured object is 

{ }, 1, 2,3,iy i
∧

=  , measurement data and true 

value subject to the following model: 
 

i i iy y ε
∧

= +   ( 1,2,3, , )i n=  . 

 
P-order differential measurement to data sequence 

 
1 2

1 2

0

( 1)

( 1) ( 1)

p v v
i i p p i p p i p p i p v

p
p j j

i p i jl pl
j

y x C x C x C y

x C y

+ + − + − + −

− +
=

Δ = − + + + −

+ + − = −




 

 
 
Take the mathematical expectation to 

!

!( ) !
j

p

p
C

v p v
=

−
 we can get: 

2 2
2

1

[ ( ) ] ( )
N p

p p
i p

i

E y N p C σ
−

=

Δ = − . Known statistic is 

2

2 0

2

( )

( )

N p
p

i
i

p p
p

y
S

N p C

−

=

Δ
=

−



 

 which is the unbiased estimator 

for 2σ , and note 
2

2
p pSσ

∧
= . 

Smooth assumption of random error, the 
establishment of the estimates of the variance of the 
random error roots: 
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( )
1/22

2

( 1) 1

!
( )

( )(2 )!

kN pl
p

Lp i
i k N

p
S y

N pl p

−

= − +

 
= Δ 

−  
 , 

 

where N is the number of data, P is the order of the 
polynomial, l for the step length [6]. 

35 gradient calculated the aircraft observations 
trajectory data based on a point-by-point intersection  
positioning method [7], using MATLAB 
programming observational data column is divided 
into a linear combination of zero mean random error, 
random error root square statistic:  
SLP = 1.588471750317061 × 1030. 

Found that random errors a great impact so their 
measurement results should be polynomial fitting in 
the 0 number spacecraft position before seeking to 
eliminate the impact of random error model [8]. 
Fitting the data see reference [1] the meadata_i_j.txt 
files as follows:  
 
 

T  
No. 06 satellite 

α β
50.1754448 0.07497794549 0.06482026689 
51.1754448 0.07585474572 0.06558806708 
52.1754448 0.07672282878 0.06635250780 
53.1754448 0.07758017828 0.06711446064 
54.1754448 0.07844558434 0.06787123160 
55.1754448 0.07930404513 0.06861333503 
56.1754448 0.08015617465 0.06936130117 
57.1754448 0.08100664145 0.07010785332 
58.1754448 0.08185815426 0.07083236257 
59.1754448 0.08270038898 0.07157563304 
60.1754448 0.08354715060 0.07229466494 
61.1754448 0.08438509898 0.07301968020 
62.1754448 0.08521193562 0.07373495355 
63.1754448 0.08604820283 0.07444731581 
64.1754448 0.08687804762 0.07515805930 
65.1754448 0.08769966121 0.07585776605 
66.1754448 0.08851820402 0.07655323902 
67.1754448 0.08933341865 0.07724900956 
68.1754448 0.09014441362 0.07793941078 

 
 

T  
No. 09 satellite 

α  β
50.1812189 -0.62660920295 0.462858412 
51.1812189 -0.62614155788 0.463655906 
52.1812189 -0.62568239172 0.464464432 
53.1812189 -0.62522653205 0.465269558 
54.1812189 -0.62477153493 0.466065624 
55.1812189 -0.62433376202 0.466864309 
56.1812189 -0.62388123607 0.467652105 
57.1812189 -0.62344228853 0.468445212 
58.1812189 -0.62301013023 0.469238632 
59.1812189 -0.62258081598 0.470025125 
60.1812189 -0.62216080791 0.470814603 
61.1812189 -0.62173950285 0.471592301 
62.1812189 -0.62132782588 0.472374964 
63.1812189 -0.62091718246 0.473160570 
64.1812189 -0.62050858984 0.473931949 
65.1812189 -0.62011462832 0.474709560 
66.1812189 -0.61972647038 0.475481201 
67.1812189 -0.61932991804 0.476253386 
68.1812189 -0.61894508795 0.477019812 

Note: Due to the limited length of the thesis, we 
only list part of data. More data can be seen in the 
references [1] metadata_i_j.txt. 

Location coordinates using MATLAB to the 
meeting point of the point-by-point and said in 
Fig. 4 - Fig. 9 and Table 3. 

 
 

 
 

Fig. 4. t-x fitting curve. 

 
 

 
 

Fig. 5. t-y fitting graph. 

 
 

 
 

Fig. 6. t-z fitting graph speed fitting. 
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Fig. 7. t-vx fitting graph. 
 
 

 
 

Fig. 8. t-vy fitting curve. 
 
 

 
 

Fig. 9. t-vz fitting. 
 
 

Table 3. Space vehicle 0 in the position of the respective 
sampling points. 

 
T X y z 

50 -1112040.17722374 6200221.89641194 1133051.55573184
60 -1120549.71280121 6207842.02827011 1143248.21658795
70 -1130710.30165180 6215944.66818326 1155380.91428514
80 -1142596.50042729 6224556.74368745 1169582.47689512
90 -1156310.89206745 6233606.28657414 1186013.75719826
100 -1171937.12382432 6243096.50890875 1204841.67923599
110 -1189679.74891736 6252954.03101137 1226134.86733462
120 -1209631.28576888 6263187.06364858 1250139.53096298
 
 

Table 4. No. 0 spacecraft in the speed of the respective 
sampling points. 

 
T Vx vy vz 
50 -806.433795199264 743.849441840313 960.258836861234
60 -950.287843786879 792.789936975576 1134.01532309060
70 -1108.97735900292 839.657492000610 1326.02463475964
80 -1282.50234084739 884.452106914483 1536.28677186859
90 -1470.86278932053 927.173781715334 1764.80173441721
100 -1674.05870442232 967.822516405955 2011.56952240574
110 -1892.09008615231 1006.39831098448 2276.59013583418
120 -2124.95693451120 1042.90116545092 2559.86357470229

 
 
4.3. To Establish the Accuracy of the Orbit 

Mathematical Model is Validated by 
Simulated Annealing Solution [9] 

 
According to variable mass particle dynamics, a 

simplified equation of motion of the spacecraft in the 
active section of the base coordinate system [1]  
as follows: 
 

 
3

( )
( ) ( ) ( )

| ( )| ( )
m

e T r

G m t
r t F F r t v t

r t m t
= + =− +
     

, 
(14) 

 

where the vector eF


 representation of the external 

force acceleration and TF


 representation of the 

thrust acceleration by rocket, ( )m t  is the 

instantaneous quality, ( )m t is the quality rate of 

change, ( )r t


 is the spacecraft position vector of the 

base coordinate system, ( )r t
  is the second 

derivative to ( )r t


 of the time t , call acceleration. 

mG  is the earth’s gravitational constant (the 

gravitational constant is 
14 3 23.986005 10 /mG m s= ∗  in this problem). In 

order to get direction of the thrust acceleration 

clearly. ( )rv t


 is fuel jet velocity relative to the 

rocket tail vents general direction and its direction is 
close to the reverse of the line to the aircraft speed 
direction, and its size is generally more stable [3]. 

Type sizes and typefaces: follow the type sizes 
specified in Table 1. As an aid in gauging type size, 
1 point is about 0.35 mm. 

Assumptions: 1. Air resistance of the aircraft is 
minimal in gravity Oblique stage and negligible 
atmospheric drag, small perturbations suffered while 
ignoring its effects. 2. Objects fall off the aircraft in 
this phase of flight in the instantaneous mass 
monotonically decreasing non- negative function, 
represented by the mathematical model: 
 

 ( ) ( )m t M m t t= −  , (15) 
 

where M represents the initial mass of the  
aircraft.3. The size of the fuel injection is stable and 
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constant relation equation, represented by the 
mathematical model: 
 

 ( )
( )

( )

r

r r
r

v t
v t v

v t
= −


  , (16) 

 

where rv  is the ejection velocity of the fuel  

relative to the rocket tail orifice; 
( )

( )

r

r

v t

v t


  is the 

aircraft speed direction. 
The coefficients are constants in equation (15) 

and (16), and substituting into Equation (14) can be 
drawn in the mathematical equation of the spacecraft, 
and the spacecraft’s flight path can be drawn by the 
solution of ordinary differential equations. Thereby 
by known space coordinate of the aircraft, we can get 
inverse solution of the coefficients of the equation 
(15) and (16) to simulation. 

Of the spacecraft mathematical equations to fit 
the optimization objective observations and fitting 
the residual sum of squares mean optimal use of 
simulated annealing, in order to determine a good 

mathematical expression of ( ), ( )rm t v t


. 

Simulated annealing algorithm [10] is described 
as following: 

1) Solution space. 
S describes as all the cycle collection is 

{ }50,60, ,120 , include all starting point and ending 

point. According to the datum, usually the quality of 
the aircraft can be defer as 4500 kg around, assume 
that loss quality value of setting jet flame is 0.7 kg/s 
and the speed of this flame is 1500 m/s [11]. 

2) Objective function. 
Objective function is square mean of the residual 

between observed value and fitted value. We use 
mathematical equation fitting for trajectory. 

3) New solution. 

Assume the previous solutions are , ,i i im dm Vr , 

solve the change value by choosing a  
random direction. 

4) Value range. 
 

0 1200

5000 1500

1 0.01

m

Vr

dm

>
 > >
 > >

 

 
5) Acceptance criterion. 
If 0fΔ <  and new solution meet objective 

acquire to accept new path, otherwise accept new 
path using probability of exp( / )f T−Δ . 

6) Drop temperature. 
Decreasing temperature by selecting drop 

temperature coefficient 0.8α = , replace by  
new temperature. 

7) Termination condition. 

Select termination temperature 510e −=  to 
determine whether the annealing process is ended. If 
T<e, the end of the algorithm, the output of the 
current data. 

It shows that 
 

m0 =1.203868423329133×103, 
dm=0.689934373898759, 
Vr =2.789987571940146×103, 

 

where m0 is the initial mass of the spacecraft, dm is 
the injection amount of the jet flame, Vr  is the flame 
jet velocity. 

The difference between the observed and 
predicted values (fitted values) can be obtained,  
that is, the actual observed values and  
regression estimates squares mean difference:  
SSE=2.260605653126576 × 104; compared with the 
impact of the variance of the random error, we can 
know the actual situation of this kind of model 
composite and calculation result has more accuracy. 
 
 

5. Conclusion 
 

Thesis based on analysis of trajectory and the 
establishment of an appropriate coordinate system, 
which cite a large number of existing information and 
data from satellite observations to estimate the 
satellite orbit. Estimating the active segment of 
trajectory, we have improved the accuracy of the 
point wise intersection positioning method of double 
satellite observation than single-satellite 
observations. Because of some deviation due to the 
bifacial space intersected, taken two straight, the 
midpoint of the common perpendicular to further 
improve the accuracy of the track as the location of 
the spacecraft. To get trajectory mathematical model 
with simulated annealing model and verify that a 
reasonable estimate. 

Upon this study, it can be expanded to multi-
satellite observations of the same aircraft to estimate 
its orbit, thereby further consideration how satellites 
observing multiple spacecrafts at the same time, and 
observation error estimates in different 
circumstances, which will bring about practical 
application produce an important significance. 

The method and model used in the paper are 
applied to scientific research, industrial and 
agricultural production, military reconnaissance, 
railway line selection, coastal and ocean mapping, 
mapping, target positioning, but also can be used for 
space target collision warning and circumvent 
maneuver, of great significance to safeguard national 
security and promote the growth of economy. 
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Abstract: The electrical behavior of a modulated positive corona discharge loudspeaker was studied. A coaxial 
transducer in air was built using a central copper wire of 75 μm radius (inner electrode) and a perforated tube of 
11 mm (outer electrode). A high voltage DC supply provided the bias current and a sinusoidal signal was 
superimposed to measure the discharge admittance. The experimental results could not be matched to previously 
reported equivalent circuits with fixed components. Using the basic equations that describe the ion motion, a 
numerical model was proposed. The computed values matched well the experimental data and suggested an 
equivalent circuit composed of frequency dependent conductance and capacitance. This dependence is closely 
related to the ion travel time between electrodes (transit time). Simulations carried out at several inter-electrode 
distances could be synthesized in a single plot where the different results overlap and further emphasize the role 
of the transit time. This numerical model proved to be an efficient tool to simulate and design modulated corona 
transducers. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Corona discharge, Transducers, Numerical model, Equivalent circuits, Ionic current. 
 
 
 
1. Introduction 
 

Corona discharge loudspeakers, despite their low 
efficiency are interesting tools in audio research 
because they are capable of generating complex 
wavefronts; a fact not easily attainable with standard 
loudspeakers. We resorted to this flexibility to build a 
cylindrical wavefront transducer. In order to develop 
its electroacoustic model we measured, as a first step, 
the electrical properties of the discharge. 

Previous works [1-4] point out the corona 
discharge can be modeled by an equivalent electrical 
circuit composed of fixed resistors (dependent on 

carrier densities) and a capacitor. However, when we 
attempted to fit the measured admittance to this 
equivalent model the results were disappointing: 
some components should have had negative values. 
This discrepancy prompted us to carry out a 
numerical simulation of the corona discharge that 
includes the basic physical phenomena that govern 
the ion motion.  

The numerical outcome fits well with 
experimental results and show the conductance and 
capacitance vary with frequency in a complex way. 
This explains our previous failure to find an 
equivalent circuit based on fixed components. In 

http://www.sensorsportal.com/HTML/DIGEST/P_2562.htm
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addition we found the response at different electrode 
distances can be summarized in a single one, by 
taking into account the finite ion velocity. 
 
 

2. Experimental Setup 
 

A scheme of the transducer and driving circuit is 
depicted in Fig. 1. The inner electrode is a thin 
copper wire with radius a = 75 μm and the outer one 
is a perforated tube with inner radius b = 11 mm. The 
total length of the prototype is one meter.  
 
 

Sinusoidal Signal Source

High Voltage DC Supply

Ri

Ru

Cu
Rs

Cylindrical Corona Transducer

Inner electrode

Outer electrode

 
 

Fig. 1. Scheme of the transducer and driving circuit. 
 
 

A variable high voltage DC supply  
(VDC = 0 - 15 kV) ionizes the air and determines a 
bias current IDC given by: 

 

 ( )0VVVcI DCDCDC −= , (1) 
 

where c is the constant that depends on the shape, the 
dimensions and the gas and V0 is the threshold 
voltage. The static curve of the prototype is shown in 
Fig. 2. 
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Fig. 2. Static curve of the transducer: Blue – Experimental; 
Red – Numerical. 

The sinusoidal signal source (VAC = 0 - 150 Vrms) 
modulates the applied voltage around its mean value 
(4 to 20 kHz), thus achieving a variable current (IAC) 
which in turn, generates sound [1]. The sampling 
resistor Rs (1 kΩ) serves to acquire the discharge 
current. The voltage drop across Rs is low enough to 
consider the outer electrode is grounded. A high 
voltage probe connected to the inner electrode 
monitors the applied voltage. The complex ratio of 
IAC to VAC defines the input admittance. A typical 
result is presented in Fig. 3(a) and Fig. 3(b). As 
mentioned in the introduction, the experimental 
results could not be matched to the standard 
equivalent circuit of Fig. 1. Ri is related to the 
ionization sheath, Ru to the ion drift zone and Cu is 
the inter-electrode capacitance. 
 
 

3. Numerical Model and Simulation 
 
3.1. Numerical Model 
 

To comprehend these differences, we simulated 
the amplitude modulated corona discharge  
in COMSOL Multiphysics®, considering the 
following equations:  

 
 

t

E
vJ

∂
∂+=



0ερ , (2) 

 
 

0

2

ε
ρ=Φ∇− , (3) 

 
 Ev

 μ= , (4) 
 

 
t

J
∂
∂−=•∇ ρ , (5) 

 
where J is the current density, ε0 is the vacuum 
permitivity,  ρ is the charge density, v is the ion drift 
velocity, μ is the ion mobility (2 × 10-4 m2/Vs), E is 
the electric field and Φ is the electric potential. In the 
continuity Eq. (5) J does not include the displacement 
current. These equations have already been 
considered by Janischewskyj et al [5] except for the 
time varying terms. 

By applying straightforward substitutions we 
reduced the problem to two coupled partial derivative 
equations with dependent variables Φ and ρ. Owing 
to the symmetry of the problem it can be cast as a one 
dimensional model in the independent radial variable 
r and time t.  

The boundary conditions at the inner electrode 
are: a potential Φ(a) = VDC + VAC and an electric field 
E derived from Kaptzov’s assumption [6] which 
states the field, at the corona electrode, is always 
equal to the onset value E0 derived from Peek’s 
experimental equation in air [7]: 

 
 ( )V/m

5.0

308.0
1101.3 6

0 







×
+×=

a
E , (6) 
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where a is the wire radius in meters. 
As a consequence of choosing independent values 

of Φ and E at the inner electrode, the charge density 
ρ must be compatible with those conditions. 

Kaptzov’s assumption strictly applies to a 
stationary regime and has been used to simulate in 
depth DC discharges [8]. However, the same 
assumption has been employed to describe pulsed 
electrostatic precipitators [9].  

The model neglects any voltage drop across the 
ionization sheath. This makes Ri negligible compared 
with the parallel of Ru and Cu. The validity of such an 
assumption will be given by the experiment. 

As a first test, by setting VAC = 0, we checked the 
numerical model reproduces the static curve. This is 
shown in Fig. 2. At very low currents the measured 
values depart from the computed ones. The 
differences could be traced down to corona discharge 
fluctuations ("flashing corona") [10]. 
 
 
3.2. Modulated Corona Discharge 
 

Afterwards, we ran the simulation at different 
frequencies and a constant AC signal voltage. The 
computed admittance modulus and phase are 
displayed in Fig. 3(a) and Fig. 3(b) respectively, 
together with the measured data. The agreement is 
quite good despite the "phase undulations" did not 
appear in the experimental results.  
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Fig. 3. Admittance: (a) modulus, (b) phase. IDC = 500 μA, 
VAC = 70 Vrms. Blue – Experimental; Red – Numerical. 

The results hint the assumption of no voltage drop 
across the ionization sheath holds well. Therefore, the 
real part of the admittance can be considered as the 
dynamic conductance of the discharge. The same 
happens with the imaginary part which brings the 
equivalent capacitance, computed as the ratio of the 
imaginary part to ω. See, Fig. 4 (a) and Fig. 4 (b). 

It can be seen both magnitudes vary with 
frequency in a complex way. Thus, if a simple 
parallel RC circuit is desired, frequency dependent 
components must be allowed. Owing to the 
complexity of the differential equations, finding an 
analytical solution is too difficult and the dependence 
of the components on frequency is available through 
the simulation. 

The average capacitance in the range from 4 to 
20 kHz is about 23 pF, a value above the geometrical 
one (11 pF). The extra capacitance can be ascribed to 
the space charge which varies in each cycle around 
its mean value. 
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Fig. 4. (a) Discharge conductance, (b) Discharge equivalent 

capacitance. 
 
 

Having checked the simulation, we ran it again at 
different inter-electrode distances to analyze the 
effects of the finite ion velocity (Fig. 5). From here 
on, we present phase plots as they show subtle details 
not easily appreciable in the modulus ones. Although 
the results look unrelated, it is possible to bring them 
together by considering a new variable: the transit 
time (τtr) defined as the elapsed time since an ion 
leaves the ionization sheath until it reaches the outer 
electrode. It is computed as: 
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  ===

)()( rE
dr

rv
dr

dttr μ
τ , (7) 

 
where a is the wire radius and E refers to the DC 
electric field value.  

The product of ω and τtr is usually known as the 
transit angle θ [11]. Now, if Fig. 5 is plotted as a 
function of θ, the different simulations overlap 
showing the influence of the finite ion velocity on the 
behavior of the corona discharge admittance (Fig. 6). 
This figure summarizes the admittance phase 
behavior of the discharge evaluated at different inter-
electrode distances. 
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Fig. 5. Admittance phase vs. frequency for different outer 
electrode radius. IDC = 500 μA, VAC = 70 Vrms. 
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Fig. 6. Admittance phase vs. transit angle θ  for different 
outer electrode radius. IDC = 500 μA, VAC = 70 Vrms. 

 
 

To emphasize the role of the slowly moving ions 
we ran a simulation assuming a Gaussian pulse input 
voltage (amplitude = 100 V, pulse width = 20 μs 
FWHM). We chose a pulse length much shorter than 
the transit time in order to visualize the delay 
between the excitation and the ions arrival at the 
outer electrode. The results are presented in Fig. 7. At 
the time the pulse is applied, a corresponding current 
one appears because of the increased electric field 

that speeds up the ions close to the outer electrode. 
Another current signal shows up some time later. 
This corresponds to a "charge packet" produced at 
the inner electrode to fulfill Kaptzov’s assumption. 
The time delay between the two current pulses is 
almost equal to the transit time. Clearly the ionic 
current does not follow instantaneously the applied 
voltage, therefore, it is not possible to assign a simple 
resistor as a circuital equivalent of the ion transport 
across the inter electrode gap. 
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Fig. 7. Normalized applied voltage (blue) and ionic current 
at the outer electrode (red). τtr ≈ 235 μs. IDC = 500 μA. 

b = 14 mm. 
 
 
4. Conclusions 
 

The numerical and experimental results shows 
good agreement and point out the AC modulated 
positive corona discharge cannot be modeled by a 
simple parallel RC circuit with fixed components. It 
is possible to describe the discharge in terms of 
frequency varying conductance and capacitance 
connected in parallel. This dependence can be traced 
down to the finite ion velocity. By defining a transit 
time in terms of that velocity, it is possible to find the 
electrical response independently of the distance 
between electrodes. 

The proposed numerical model not only is useful 
to analyze corona loudspeakers, but also in pulsed 
systems such as electrostatic precipitators. 
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Abstract: The concept of Phase-locked loop is earliest described in the 1820’s. In the late 1970 s, the theory of 
phase locked loop was given good description, but because of the difficulty of hardware implementation of a 
phase-locked loop, phase-locked loop, until a long time, was not widely used. In the 1970’s, with the rapidly 
development of integrated circuit (IC), PLL was widely used in modern communication system. Since then, the 
phase-locked loop had made great progress, and it was transferred from the earlier only used in field of high 
precision equipment to the all kinds of electronic products used in the consumer. Due to the rapid development 
of power system, power system signal analysis is more and more important. In this paper, according to the 
characteristics of the virtual radio technology and the basic principle of phase-locked loop to build software 
phase-locked loop, through the analysis of the improved phase-locked loop (IPLL), designed IPLL by way of 
the software. In this paper, based on the MATLAB simulation, the above analysis shows that the software 
phase-locked loop can be extracted grid signal, frequency, amplitude and phase of fundamental wave 
information for demand. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Software phase-locked loop, Improved phase-locked loop, Simulation, Amplitude extraction. 
 
 
 
1. Introduction 
 

First proposed the concept of a phase-locked loop 
was in the 1820’s, in the absence of the effect of 
Doppler shift showing, and the emergence of the 
phase-locked loop had promoted the development of 
the coherent communication system. It was a kind of 
technology using feedback control principle of 
frequency and phase synchronization [2-7]. The 
development of Phase-locked loop (PLL) was an 
important significance for the progress of 
communication technology and motor servo control 
system in the past 30 years. More and more modular 
and integrated phase-locked loop was the 
development direction of phase locking technology 
[5-13]. Therefore, the experts expected that it would 

help the development of communication systems 
which would become more reliable and practical. At 
the same time, it has played a very important role in 
promoting the development of higher accuracy 
reliability of the servo control system, such as in 
machine tool servo automatic control. In the late 
1970 s, there is the proper description of theory of 
phase locked loop, but because of the difficulty of 
hardware implementation of a phase-locked loop 
phase-locked loop until a long time are not widely 
used. In the 1970 s, with the rapid development of 
integrated circuit (IC), PLL is widely used in modern 
communication system. Since then, the phase-locked 
loop has made great progress, and only used in field 
of high precision equipment in earlier were 
transferred to the all kinds of electronic products used 
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by consumer. It made modern electronic system 
greatly improve in the performance and reliability, 
especially as a very important role in electronic 
devices which had in common with the PLL. In the 
1870 s, researchers majored in the field of power 
control research realized synchronous motor speed 
control system by phase-locked loop. Since then, 
through using phase-locked loop, the phase locked 
servo system (PLS) in the field of AC and DC motor 
servo mechanism have got rapid development. In the 
past 10 years, rapid development of high 
performance digital integrated circuit and 
microprocessor need of the appearing of the PLL of 
digital technology, and it made new type of controller 
in the field of dc servo system and ac servo system, 
With the PLS function, which contained PLS was 
easy to convenient control [14-17]. 

In the frequent using virtual radio today, people 
began to focus on how to implement the function of 
PLL through the software. Although compared with 
analog phase locked loop and digital phase locked 
loop, its basic principle were in common, but in 
mathematical modeling, implementation method, 
parameter design had a larger difference. Because of 
the traditional form hardware circuit design which 
phase-locked loop in software gets rid of, the PPL in 
software has the advantages of simple structure, 
flexible parameter design, and it is not affected by the 
characteristics of voltage, temperature, and the 
environment. And its frequency is adjustable by 
programming, and it is easy to construct high order 
loop filter, etc. As the development of the 
communication technology and the chip of 
Development Board, phase-locked loop in software 
will have more extensive application prospect. 

In the power system, the neutral point grounding 
or via arc suppression coil, resistance of system, 
called the small current grounding system, such as 
the power system of power plants, substations, 
hydropower station and chemical industry, large 
corporations. The most common fault in small 
current grounding system is single phase grounding. 
Single-phase earth fault occurs, the small current 
grounding system all over the ground with 
capacitance circuit will be zero sequence current 
through, but because of the zero sequence current is 
small, and there is a great deal of dispersion, it is 
difficult to select grounding line; If there is the arc 
suppression coil in system, it is more difficult to 
select grounding line. The single-phase grounding 
grounding current is small, so according to the 
provisions of the rules of safe operation in power 
system, when the single-phase earth fault occurred, 
the system can continue to run 1 to 2 hours, but the 
fault of line is relatively higher voltage than the 
voltage of normal line, if not handled in time, it is 
easy to develop into two phase short circuit, arc 
grounding overvoltage can also cause the whole 
system over normal voltage. Be badly in need of the 
existence of small current line selection device at this 
moment, there are multiple ways of small current line 
selection, such as application of advanced phase-

locked loop to extract 5 harmonics in power grid  
[1-7]. 

 
 

2. The Summary of Phase-locked Loop 
 

What we called the PLL, in fact, is the phase lock 
loop (PLL). Phase-locked loop is usually consists of 
three parts, namely, phase discriminator, loop filter 
and the voltage-controlled oscillator (VCO). 

Phase-locked loop can be used to realize the 
output and input phase synchronization. When the 
input signal is zero, the output of the loop filter is 
zero. At this point, the voltage-controlled oscillator 
output its inherent frequency. If the input signal is 
named FR, input and output signal input the phase 
discriminator and if the input signal frequency and 
output signal is different, the phase discriminator will 
output signals of phase error voltage which is 
proportional to the voltage-controlled oscillator 
frequency, and it will repass loop filter to filter, 
forming the control voltage named UC. The UC will 
make the change the frequency of voltage-controlled 
oscillator named FV, and the frequency of the output 
of the VCO is close to the frequency of input signal, 
finally make the FV equal to FR, and the loop is 
locked. After entering the locked loop once, the 
output signal and the input signal will have a fixed 
stationary phase [1]. 
 
 
3. Improved Phase-locked loop (IPLL) 
 
3.1. Improved Phase-locked Loop (IPLL) 

Basic Structure 
 

With the rapid development of power system, 
power system signal analysis is more and more 
important. Based on the classic phase-locked loop, 
the literature [1], this paper proposes a modified 
phase-locked loop (IPLL), modified phase-locked 
loop can extracted the amplitude and waveform of 
whichever sine wave in a set of mixed signal. In the 
literature [1], with control theory, IPLL mathematical 
model are analyzed in detail, and based on the 
Matlab/Simulink, IPLL function are simulated. It 
shows that the structure can extraction the frequency, 
amplitude and phase of fundamental wave of grid 
signal. And compared with PLL in the widely used in 
the power system, it reduces the αβ transformation 
and DQ transformation, and strengthens the function 
of tracking signal amplitude, for power system signal 
analysis providing a new way of thinking. 
 
 
3.2. The Basic Working of IPLL 
 

IPLL is consists of four parts: 
1) Input part is a subtracter, and what the input 

signal, named Ui, minus feedback signal, named y, is 
e, and e is the input of multiplier 1 in the part of 
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phase adjustment and multiplier 2 in the part of 
amplitude adjustment. 

2) Phase adjustment part is consists of multiplier 
1 (phase discriminator), loop filter named F(s), 
voltage-controlled oscillator. Signal e and the VCO is 
inputted in a multiplier 1, which output is the input 
part of the loop filter, which output is the  
input of the voltage controlled oscillator, and  
the above parts implement a feedback loop phase 
control section. 

3) Amplitude adjustment part includes multiplier 
2, 3 and the controller of the integral. Signal e and 
Uo2 are inputted in the part of multiplier 2, which 
output is the input of integral circuit, which output 
value is expressed as A (extraction signal’s 
amplitude) and which output and the output of VCO 
are inputted multiplier 3. The output of the part of 
amplitude adjusting is named y. 

4) Output part consists of two parts: one is the 
output of the voltage-controlled oscillator which is 
tracking the different phase between input signals 
named φ, and the other is the output of multiplier 3 
which is in extraction of the amplitude information 
fundamental wave signal. 

Literature [1] is verified IPLL, when the input 
signal occurs voltage surge or phase jump or 
frequency changes, even in the case of the pollution 
of harmonic, still can extract the information of the 
input sine wave signal phase, frequency and 
amplitude information, even restoring fundamental 
information from the pollution of harmonic. 
Theoretical analysis results showed that there are 
second order phase and first-order amplitude 
adjustment in IPLL, and when the input signal occurs 
acceleration rates jump or phase ramp up or phase 
and amplitude step change, IPLL can accurately track 
the information of amplitude, phase and frequency of 
the input signal. Simulation proves that, similar to the 
above changes in the power grid voltage such as the 
surge or plunged of voltage, phase jump, frequency 
change or harmonic pollution, IPLL can realize the 
function, and can separate fundamental wave and 
harmonic signals. We can adjust the proportion of the 
circuit by changing the phase coefficient and the 
parameters of the loop filter to achieve rapid phase 
tracking speed. Amplitude tracking speed can adjust 
by changing the amplitude coefficient. 
 
 

4. The Method of Realizing IPLL  
with Software 

 

4.1. The Ultimate Principle 
 

PLL in the form of software does not needing 
hardware maintenance comparing with the traditional 
form, and its failure analysis is simple, and it adapts 
to the needs of current in the power system 
microcomputer control. Just a series of procedures, it 
can realize IPLL function. At the same time the 
software implemented IPLL function can adapt to 
face more widely, can adjusted in many places 

according to update some program. It also has the 
advantages of simple structure, flexible parameter 
design, programming track frequency adjustable, 
easy to construct high order loop filter, etc. As the 
development of the communication technology and 
the chip of Development Board, software phase-
locked loop will get more and more important status 
in power system analysis. 

Now we have the mathematical model of IPLL 
block diagram and the institutions, and we can make 
it through transfer function of IPLL including parts in 
the form of software. In the first we should know 
about the transfer function of the system. By a linear 
system feature of the relationship between the input 
and output, with a function to described, is the 
transfer function of the system. The transfer function 
of the system and the system differential equations of 
motion are related. After the system determines, the 
transfer function of the have determined that it does 
not change with the size of the input. 

The transfer function is mainly used in  
three aspects. 

1. It can conclude that the output of the system  
or response. 

The system transfer function is named H(s), and 
the input of system is named I(s), and the output of 
the system response is named Y(s), which can be 
inferred by H(s) multiplying by the I(s) to calculate. 

2. The analysis of the influence of system 
parameters change on the system. 

By the method of root locus method, closed loop 
control system can analysis the effects of the system 
of the open loop gain changing on zero pole on  
the zero pole distribution of closed-loop  
transfer function. 

3. Used to design control system. 
Directly by the system open-loop transfer 

function to carry on the design, use the root locus 
method. The frequency response is designed by 
frequency response method. Through the transfer 
function, we can get the discrete model to program 
by MATLAB. Here in this paper, we give an example 
to show how to design the loop filter and how to 
implement the function of IPLL by software. 
 
 

4.2. The Implement of the Filter Function  
by Software 

 

Designing a 1 kHz filter steps are as follows: 
By the input expression of the MATLAB, ‘tf’, the 

transfer function can be inputted into the MATLAB. 
Input ‘h=tf(1,[1/1000/2/pi,1])’ in the  

operation box. 
MATLAB calculate the transfer function, and we 

can get the continuous domain expression: 
 

 1

0 0001591 1.
h

s
=

+
, (1) 

 

Next we use the function of ‘c2d’ to make the  
‘h’ discretization,  
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Input ‘hd=c2d(h,1/100000,’zoh’)’ in the  
operation box. 

The type of sampling frequency is 100 kHz, ‘zoh’ 
for sampling way. It provide five sampling methods 
in MATLAB, including 'zoh', 'foh', 'imp', 'tustin' and 
'prewarp'. 

We can get the result: 
 

 0 0609

0 9391

.
.

hd
z

=
−

, (2) 

 

Input ‘bode (hd)’ in the operation box. 
We can see from the Fig. 1 that there is a -3 dB 

attenuation in the frequency of 6.24 kHz. Reaching 
the cutoff frequency, it indicates that the discrete 
transfer function can realize the function of filter, so 
as to prove that you can through the transfer function 
of the device at discrete domain (Z domain). 

When there's a parameter Z domain, then the 
parameters of the Z domain can be transformed into 
difference equations. Through the discrete transfer 
function (2), for example, the input sequence is 
named )(nx , so it is )(ny  for the output sequence, 

and we can get the transfer function: 
 

0 0609 1 0 9391 1( ) . * ( ) . * ( )y n x n y n= − + − , (3) 
 

where )(ny  and )(nx  are the time series. 

C language program programmable for:  
float loopf(float x)    
{ 

static float x_z,y_z;   
float y;                 
y=0.0609*x_z+0.9391*y_z; 
y_z=y;                   

x_z=x; 
return y;               
} 

 
 

 
 

Fig. 1. The phase and frequency of transfer function  
of ‘hd’. 

 
 
4.3. Realizing the Function of IPLL  

in Discrete Domain Based on MATLAB  
 

First, we can use Simulink construct IPLL model, 
as shown in Fig. 2. The loop filter (Discret Transfer 
Fcn), integrator (Discrete 'Transfer Fcn1) by the way, 
using MATLAB 'c2d 'function of built-in functions 
from the continuous time domain, are transferred into 
Discrete Z domain. 

 
 

 
 

Fig. 2. Discrete model.  
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To input three different frequency sine waves is 
used to simulate the fundamental wave and harmonic 
of power system. At the same time, the difference of 
between functions IPLL software and hardware is 
software system need sampling on the outside world 
to analyze the data. So we adjust three sampling time 
of different frequency sine wave in 0.001 seconds. 

Their frequency and amplitude in the Table 1. 
 
 

Table 1. Frequency and amplitude. 
 

No. U (V) F (Hz) 

1. 380 50 
2. 20 150 
3. 60 250 

 
 

Maximum frequency is 250 Hz, which the cycle 
is 0.004 seconds and the system of sampling time is 
0.001 seconds, so a signal can be sampled more than 
2 times in a cycle, which meet the sampling theorem 
that the signal can be restored. After the operation, 
click on the amplitude and the oscilloscope 
respectively wave signal oscilloscope, Fig. 3. 
 
 

 
 

Fig. 3. The extraction of amplitude of fundamental wave. 
 
 

We can see in Fig. 3 that amplitude eventually 
stabilized at 380, consistent with the fundamental 
wave signal, and it can be concluded that wave signal 
amplitude can be extracted by the discrete IPLL. 
From Fig. 4, as a result of sampling, the sampling 
frequency is 1000 Hz, so the image shows the square 
wave signal, but we can infer the signal cycle is 
50 Hz and the amplitude is 380, and it can be 
concluded that wave signal can be extracted. 

Changed in parameters, IPLL can extract arbitrary 
signals from a mixed signal, such as the extract of 
five times the harmonic. After the operation, we 
observe the amplitude oscilloscope and fundamental 
wave signal oscilloscope. 
 
 

 
 

Fig. 4. The extraction of fundamental wave. 
 
 

In Fig. 5, we can see that amplitude is eventually 
stable at 58, meeting the requirements of amplitude 
extraction. Because the sampling frequency is 1 KHz, 
five times the harmonic in a cycle can be sampling 
four times, from Fig. 6, it can be seen that the 
amplitude is 58 and the frequency is 250 Hz, and we 
can be sure that it is five times the harmonic signal, 
which proved that the discrete IPLL can complete the 
extraction of the harmonic signal. 
 
 

 
 

Fig. 5. The extraction of amplitude of five times  
the harmonic. 

 
 

 
 

Fig. 6. The extraction of five times the harmonic. 
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5. Conclusion 
 

Through the above analysis, we can found that 
we, through the IPLL discrete model, can extract any 
signal waveform and the amplitude of signal from a 
mixed signal. According to the transfer function of 
discrete model of Z domain, we can get a set of 
formula, which can realize the function of IPLL in C 
language. Ultimately we achieve the goal of realizing 
the function of IPLL by software. 
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Abstract: Based on the thermal analysis theory with the angle steel as study object, the paper established a 
three-dimensional finite element model on angle steel then gave a temperature field analysis on controlled 
cooling process by using ANSYS, which was for the sake of optimizing the design of the angle steel’s 
temperature field according to the essay’s conclusion. The analytical result proved that the controlled cooling 
makes angel steel's temperature distribution more uniform, and can improve the section angle steel's temperature 
field affectively. The results showed that the optimized angle steel’s maximum temperature difference decreased 
with a more uniform temperature distribution, which played an important role and significance on the 
customization to the angel steel’s controlled cooling process reasonably. Besides, this paper’s optimization 
design provided a better controlled cooling method that could improve angle steel’s mechanical properties 
including yield strength, tensile strength, and other performance effectively, which promoted a theoretical 
foundation for studying other model steel’s controlled cooling. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Finite element, Angel steel, Controlled cooling, Temperature field, Optimization design. 
 
 
 
1. Introduction 
 

The controlled cooling is due to obtain a required 
cooling method customized for the certain structures 
and properties, which controlled angel steel’s cooling 
speed with some methods by using the waste heat 
from the rolling piece [1]. Nowadays the domestic 
steel manufacturers are facing two sharp problems 
generally: low capacity on cooling bed and low 
capacity on comprehensive steel mechanics [2]. 
Through the reasonable control to the cooling process 
parameters of steel after hot rolling, controlled 
cooling technology could get the organization ready 
for the steel transformation, and then controlled the 
cooling speed of the steel transformation process, 
which improved and optimized steel’s comprehensive 

mechanical properties and the using performance. 
With the deepening of controlled cooling technology, 
domestic manufacturers have got a significant 
progress in controlled cooling technology, including 
cooling equipments, cooling method and so on [3]. 
As a new technology in modern steel rolling field, 
controlled cooling technology has not only exploited 
the steel’s potentialities greatly, but also simplified 
the production process, and improved the production 
efficiency [4]. 
 
 

2. Establish the Finite Element Model 
 

First, establish the finite element model with an 
angle steel (100 mm × 100 mm × 12 mm) as the 
research object by using ANSYS. 
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As shown in Fig. 1, the established model used 
SOLID90 unit of the ANSYS, which is a hexahedron 
with twenty nodes who is commonly used to 
establish as the static model or the transient heat 
conduction problem model [5]. This unit has a higher 
precision, while more time for solving problems is 
needed. The unit's each node has only one free 
degree-means temperature [6]. This unit is also 
suitable for establishing a unit model to analyze the 
curve boundary problem. The output results of the 
unit's include the node temperature and other 
information, such as the average surface temperature, 
temperature change rate components and so on. 
 
 

 
 

Fig. 1. The geometry model of SOLID90. 
 
 

Fig. 2 presented a three-dimensional mesh model 
about the angle steel. Considering the computer 
resource’s limitation, we take the 0.5 m long angle 
steel. From the chart, we can see that the grid's length 
and width have a similar ratio, close to a square grid, 
which could guarantee the accuracy. This finite 
element model consisted of 24000 SOLID90 units 
and 107913 nodes, which can meet the demand of the 
calculation speed with precision. 
 
 

 
 

Fig. 2. The finite element model of angle steel. 

3. Analysis of Cooling Temperature Field 
Controlled by Angle Steel 

 
In the process of the angle steel’s controlled 

cooling, the fluid cooling medium utilized the 
different temperature to produce the heat delivery by 
contacting the angle steel’s face, which is called 
conviction heat transfer. When the angle steel is 
controlled cooling after hot rolling, the conviction 
heat transfer coefficient could show the cooling 
capacity whatever the cooling method or cooling 
medium would be adopted. Besides, the heat transfer 
coefficient also concern with the cooling capacity 
calculation on angle steel’s cooling method directly. 
Use Newton cooling formula to calculate the quantity 
of heat (Q) that the cooling medium carried away 
during the conviction heat transfer [7]: 
 

Q A tα= Δ  

 
where α  is the conviction heat transfer coefficient 

( )2W m C⋅  ; A  is the heat transfer area (m2); tΔ  

is the temperature difference between fluid and  
angle steel.  

There are two phases help angle steel get cooling: 
air cooling and water cooling. 
 
 
3.1. Heat Transfer Coefficient Formula  

on Air Cooling [8] 
 

The air cooling is consisted of two parts: radiation 
heat transfer and conviction heat transfer. The 
empirical formula of the conviction heat transfer is  
as following: 
 

( ) ( )( )0.25 8 2 22.25 4.6 10w c w c w ch T T T T T T−= − + × + + , 

 
where Tw is the surface temperature of angle steel 
(K); Tc is the surrounding temperature (K). 
 
 
3.2. Heat Transfer Coefficient Formula  

on Water Cooling [9] 
 

This study adopted spray cooling as angle steel’s 
controlled cooling method. And the formula on spray 
cooling capacity is as following:  
 

log 3.33 0.857log 0.662log 0.308logr W Vα θ= − + +  

(450 °C ≤θr≤600 °C) 
log 1.40 0.136log 0.629log 0.273logr W Vα θ= − + +  

(θr≥600 °C), 
 
where α  is the conviction heat transfer coefficient 

( )2W m C⋅  ; θr is the angle steel’s surface 
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temperature ( °C); W  is the current density 

( )min2 ⋅mL ; V  is the current’s spray speed (m/s). 

Using the same cooling method could guarantee 
the cooling process and secure each part of the steel 
was controlled cooling uniformly, which means 
having spray cooling after the angle steel was put into 
the water area totally [10]. Based on the temperature 
field’s simulation to a 3D angle steel model, the 
temperature distribution in the length direction of the 
angle steel after the end of controlled cooling is 
shown in below chart. 

In Fig. 3, the temperature distribution field of 3D 
model was uniform, and the temperature distribution 
presented with symmetry in angle's width direction. 
The temperature in the highest node is 682.21 °C 
while the lowest is 656.674 °C, which with a 
temperature difference 25.536 °C. 
 
 

 
 

Fig. 3. The temperature field after cooling 13 s. 
 
 

Fig. 4 and Fig. 5 showed the temperature change 
curves on internal angle's center nodes and waist's 
center node in length direction. In the curve chart, the 
angle steel’s node temperature changed little with a 
more uniform temperature distribution in the length 
direction after the end of controlled cooling. 
 
 

 
 

Fig. 4. Change Curve of Wdpath1. 

 
 

Fig. 5. Change Curve of Wdpath2. 
 
 
4. Optimal Design to the Controlled 

Cooling Temperature Field of Angle 
Steel 

 
The ANSYS provides a circulated process for 

design program’s optimization: analyze-estimate-
revise. The process means that make analysis to 
initial design first, then estimate the analysis result 
according to design requirements, and revise the 
design at last. After all the requirements are satisfied, 
get the best optimization design by the circulation 
above mentioned [11]. 

In the course of angle steel’s controlled cooling, 
the crucial factors included the spray density and the 
spray speed mainly, which could depend on the 
temperature change to the angle steel’s each parts. In 
this paper, the optimization to angle steel’s 
temperature field concentrated on the spray density 
W and the spray speed u as design variables. The 
process of angle steel’s controlled cooling aimed to 
make the austenite change rapidly, thus the angle 
steel could be controlled cooling in a reasonable 
temperature range in a comparatively short time and 
could obtain a more uniform temperature field in well 
organized state as well. The paper chose the 
reasonable temperature range and the maximum 
temperature gradient as the optimization design to the 
state variable quantity after the end of the controlled 
cooling. The temperature scope of which the angle 
steel returned red is: 650 °C ≤ T_end ≤700 °C. In 
order to obtain a more uniform temperature field and 
a less temperature gradient, the paper took the 
maximum temperature difference as an objective 
function to optimize the design with the aims to 
control the temperature in a reasonable range and to 
reduce the maximum temperature difference at the 
same time. 

This paper adopted with the zero-order method to 
optimize temperature field of the angle steel. And the 
content of the optimization calculation were all 
accomplished by ANSYS‘s processor OPT [12]. The 
parameter contrast after optimization design was 
shown in Table 1. 
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Table 1. Parameter contrast after optimization. 
 

Design variable Before After 
W1 1160 1100 
W2 2040 2281.1 
W3 1520 1523.2 
W4 1580 1568.1 
W5 1570 1620.5 
W6 2980 2968.2 
u 10 9.6046 

 
 

After the optimization design, the maximum 
temperature gradient was from 2189 °C/m down to 
1970 °C/m, which had reduced 219 °C/m. Fig. 6 
showed the temperature distribution after 
optimization design by the end of the angle steel’s 
controlled cooling. Compared with the temperature 
before optimization, the highest temperature of  
the temperature field’s nodes decreased slightly  
after optimization. 
 
 

 
 

Fig. 6. The temperature field of angel steel  
after optimization. 

 
 

Fig. 7 showed the curve of max temperature 
gradient on angle steel’s nodes before and after 
optimization with time change.  
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Fig. 7. The curve of Max Gradient before  
and after optimization. 

From the chart, the nodes’ max temperature 
gradient decreased by the end of the angle steel’s 
controlled cooling, compared with the temperature 
before optimization. The decreased temperature 
gradient demonstrated a lower temperature variation 
along the isotherm’s normal line direction and a more 
uniform temperature distribution. Fig. 8 showed the 
change of nodes’ max temperature difference before 
and after optimization with time change, from which 
we can see, the maximum temperature difference 
decreased after optimization and with a more uniform 
temperature distribution also. 
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Fig. 8. The change of Max temperature difference before 
and after optimization. 

 
 
5. Experimental Study of Angle Steel’s 

Controlled Cooling 
 

This experiment selected Q235 angle steel (model 
100 mm * 100 mm * 12 mm, length 500 mm) as 
study object to controlled cooling experiment and set 
the final rolling temperature as between  
900 °C ~1000 °C. The experiment’s main purpose 
was to study the effects of controlled cooling 
parameters on the microstructure and properties of 
the angle steel. The specific steps of the experiment 
were as follows: 

1) For a distinct comparison result, the 
experiment selected 10 groups of model angle steel 
(100 mm × 100 mm × 12 mm) to simulate the study; 

2) Before the experiment, install the spray cooling 
device; adjust the controlled cooling parameter to the 
predetermined value; 

3) The experiment placed the sample into the high 
temperature resistance furnace first, and then heats it 
to the required temperature. Taking into account of 
the heat loss of the angle steel and the heat 
conduction on the test roller table in the test process, 
the experiment needed to heat the angle steel to a 
higher temperature than was required originally – 
higher round 50 °C so as to ensure that the initial 
cold temperature of the test pieces closed to the final 
rolling temperature on the simulation experiment; 
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4) The sample was controlled cooling in 3S in the 
natural air on the roller table. Considering the loss of 
heat, the air cooling time was ignored. The 
experiment needed to start the roller table first; 
waiting for the sample’s entering into the cooling 
area totally. Then open the water path and the gas 
path until then formed a mist flow. This experiment 
adopted two cooling method at the same time. 
Considering the limited length of the water area in 
the test, the experiment needed to suspend the roller 
table after the sample was entered into the cooling 
area totally. After 5s water cooling time, the 
experiment turned off the water path, gas path, and 
then opened the roller table at the same time, sending 
the sample out of the water cooling. 

In order to verify the reliability about the 
simulation results on the finite element of the angle 
steel temperature field, this paper studied 10 groups 
of angle steel respectively, which measured the final 
rolling temperature by optical pyrometer and the final 
cooling temperature with GD photoelectric 
pyrometer. After the angle steel’s controlled cooling, 
the surface temperature got to a maximum 
temperature as final cooling temperature. 

In the process of experiment, the main controlled 
cooling parameters are as follows:  

Length of controlled cooling zone: 5 m ~ 8 m; 
Roller speed: 1 m/s ~ 3 m/s; 
The final rolling temperature: 900 °C ~ 1000 °C; 
Final cooling temperature: 650 °C ~ 700 °C. 
From Table 2, the experimental results 

corresponded with the simulation results, which 

demonstrated that the simulation method was reliable 
based on the finite element‘s temperature field. 
 
 

Table 2. The comparisons of simulation results  
and experimental results. 

 

No.  

Original 
cooling 
tempe-
rature 

Final cooling  
temperature 

Final cooling  
temperature 

Simulation
results 

Simulation 
results 

Experimental  
results 

Experimental 
results 

Middle 
part of 
waist 

Middle 
part of 
corner 

Middle  
part of  
waist 

Middle  
part of   
corner 

1 910 630.06 650.35 635.7 660.2 
2 920 639.73 658.37 642.3 668.9 
3 930 647.17 665.60 656.1 670.5 
4 940 654.46 672.68 660.8 679.6 
5 950 661.63 679.60 669.3 685.7 
6 960 668.66 686.38 676.5 690.2 
7 970 674.57 692.98 680.7 703.2 
8 980 680.40 699.39 688.2 711.4 
9 990 686.16 705.66 690.4 716.7 
10 1000 691.85 711.79 702.3 720.3 

 
 

The test’s result data in Table 3 showed: after the 
end of controlled cooling, the angle steel’s yield 
strength (σs) and tensile strength (σb) increased with 
the decrease of the final cooling temperature; 
elongation (σs) decreased with the decrease of final 
cooling temperature. 

The final cooling temperature was controlled at 
about 655 °C, and the angle steel was with better 
mechanical properties evidently. 

 
 

Table 3. The measured data of Q235 angel steel. 
 

No.  Cooling time 
Final rolling 
temperature 

Final cooling 
temperature

Mechanical property 

Yield strength sσ Tensile strength bσ  Elongation ςδ  

1 Air 10 s 957 °C 940 °C 276 MPa 423 MPa 39.6 % 
2 Controlled 8 s 993 °C 697 °C 298 MPa 431 MPa 38.3 % 
3 Controlled 7.5 s 960 °C 664 °C 302 MPa 459 MPa 34.9 % 
4 Controlled 7 s 942 °C 653 °C 330 MPa 477 MPa 32.1 % 
5 Controlled 6 s 958 °C 655 °C 317 MPa 463 MPa 33.4 % 

 
 
6. Conclusions 

 
1) The paper can calculate the angle steel’s 

temperature field distribution of the controlled 
cooling accurately by using ANSYS. 

2) The optimization design to angle steel’s 
controlled cooling temperature field can reduce the 
maximum temperature difference after controlled 
cooling with a more uniform temperature 
distribution. 

3) According to the analysis of experimental data, 
controlled cooling can improve angle steel’s 
mechanical properties including yield strength, 
tensile strength, and other performance effectively. 

4) Based on the calculation method and the data 
analysis, this paper has not only directive 

significance to customize angle steel’s controlled 
cooling processes reasonably, but also provides the 
theoretical foundation for studying other model 
steel’s controlled cooling. 
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Abstract: A new squirrel-cage rotor structure induction motor (IM) that has a auxiliary permanent magnet (PM) 
rotor and improved cage-rotor structure is presented to enhance the inherent power factor of the IM, and a 
prototype motor is fabricated by modifying the rotor of a conventional three-phase four-pole squirrel-cage 
induction motor. The flux linkage, flux distribution, power factor, core loss and efficiency of the novel  
and conventional rotor structure induction motor are comparative analyzed. The 2D transient finite element  
analysis method is used for computation the characteristics of the two induction motors.  
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction  
 

Three-phase induction motors are most widely 
used in industry, since they are simple and robust, 
inexpensive to produce, and easy to maintain [1-3]. 
However, induction motors have the demerits of 
lagging power factor and they need reactive power 
from a grid to establish the exciting magnetic field, 
especially evident at light load or no load 
condition [4]. The low power factor can lead to 
increase of losses in both the motor and the power 
network, and then the improvement of the power 
factor is effective not only against the decrease of the 
current loss, but against the decrease of voltage drop 
and installation capacity [5]. 

The most commonly used method to improve the 
power factor is to connect shunt capacitors on the 
terminals of the stator windings. It increases the 

power factor as seen from the external to the 
paralleled motor and capacitors [6]. However, the 
overall weight and size of the motor driving system 
are increasing, and the leading current in light-load 
conditions will bring about the abnormal rising of the 
terminal voltage [7]. In addition, the inherent power 
factor of the motor is still poor. In other words, the 
magnitude of the current in the stator windings is the 
same and the copper loss inside the motor cannot  
be effectively reduced. It has been a dream  
of researchers to develop a high power factor 
induction motor. 

In all electric motors, a magnetic field is required 
as a medium to convert electrical energy into 
mechanical energy. If the magnetic field is generated 
by reactive power drawn from the grid, the power 
factor of the machine will be low. It indicates that if 
the magnetic field is generated by permanent magnets 
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(PMs), then reactive power is not required from the 
grid, which leads us to present a new induction  
motor with auxiliary magnetic field to achieve high 
power factor. 

As early as 1926, Punga and Schon presented a 
structure to improve the power factor. Between the 
stator and the rotor, a ring-shaped intermediate rotor 
carrying the d-c exciting winding runs freely at 
synchronous speed [8, 9]. In 1959, Douglas replaced 
the D-C exciting winding with permanent magnets 
(PMs) [10]. Because the intermediate rotor has no 
iron core, the magnetic reluctance is very large. It 
needs a very large amount of PM materials. The 
stator windings and rotor windings have a very large 
leakage flux. Therefore the overall performances are 
poor and no prototype was fabricated and hence there 
were no experimental supporting results. This 
structure was also applied to a single-phase induction 
motor [11]. In 1999 a structure with free-rotating 
magnets inside a rotor was presented [12]. Although 

it pointed out a new possibility to improve the power 
factor, it has fatal disadvantages. We have simulated 
the operation of this motor using time-stepping 2-D 
FEM which supports the simulation of a motor 
having two rotating rotors. Our simulation shows that 
actually the PMs in the inner rotor cannot improve 
the power factor.  

The magnetic flux produced by the PMs is short-
circuited by the yoke of the rotor iron core as shown 
in Fig. 1. It cannot reach the main air-gap and do not 
link with the stator windings. Because of additional 
mechanical, frictional and windage losses of the PM 
rotor, the efficiency of this motor might be lower 
than that of conventional motors. 

Based on the study of different existing methods 
for improving the power factor of induction motors, 
and our numerous simulation results to test our many 
initial ideas, we propose an induction motor having a 
new rotor structure with internal PM rotor and 
improved cage-rotor structure (as shown in Fig. 2). 

 
 

 
 

 

(a) Motor proposed by reference [12] (b) The proposed motor in this paper 
 

Fig. 1. Flux distributions of the two motors. 
 
 

 
 

Fig. 2. Structure of the proposed IM in this paper. 
 
 

The paper focuses on the performances analysis 
of a new squirrel-cage rotor structure induction motor 
(IM) which has an auxiliary permanent magnet (PM) 

rotor and improved cage-rotor structure. The flux 
distribution, power factor, core losses, and efficiency 
of the proposed and conventional IMs have been 
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investigated by using 2D transient finite element 
analysis method. The motor can be operated at 
optimized power factor with high efficiency by 
changing the source voltage or supply frequency in 
various load conditions. 
 
 

2. The Configuration of Proposed 
Induction Motor  

 

As shown in Fig. 2, the proposed IM has two 
rotors and one stator, and the structure of the stator is 
the same as that of a conventional induction motor. 
The outer rotor comprises of a hollow cylindrical 
structure enclosing the inner rotor. The inner rotor 
comprises PMs for producing a rotating magnetic 
field in the main air-gap to supply a substantial part 
of its excitation energy. The number of PMs is equal 
to the pole number of the motor. If the rotor’s 
magnetic reluctance is too large, the stator flux will 
not reach to the rotor and link with its conductors. If 
the rotor’s magnetic reluctance is too small, the flux 
produced by the PMs will be short-circuited so that it 
will not produce magnetic field in the main air-gap 
and the power factor cannot be improved. The slot 
shape, dimensions and magnetic barrier of the 
squirrel-cage should be properly optimized. The 
squirrel cage bars and the iron can be a solid body to 
strengthen the mechanical structure. The slots are 
skewed to reduce higher-order slot harmonics. 

In the proposed IM, the outer rotor starts to rotate 
by the induction torque. When the outer rotor rotates, 
the eddy current is generated by the inner rotor, and 
the rotating torque is generated in the inner rotor. By 
try-and-error, the proposed IM main dimensions are 
determined with the design specifications listed in 
Table 1, and the conventional IM main dimensions 
are also listed in Table 1 for comparison. 
 
 

Table 1. Main dimensions. 
 

 Conventional 
IM  

Proposed 
IM 

Stator OD (mm) 230 230 

Stator ID (mm) 150 150 

Cage Rotor OD (mm) 149 149 

Cage Rotor ID (mm) 30 76 

PM Rotor OD (mm) \ 64 

PM Rotor ID (mm) \ 30 

PM Thickness (mm) \ 5.5 

Stator slot number 48 48 
Rotor slot number 44 44 
Pole number 4 4 
Stack Length (mm) 135 135 
 
 

3. Simulation Results by FEM 
 

Two-dimensional (2D) transient finite element 
method (FEM) is employed to compute the 

performances of the proposed IM and the 
conventional IM, the advantages of the transient 
FEM is that the realistic conditions of lamination 
geometries, core materials, and winding connections 
are all considered collectively and faithfully [13, 14]. 
As shown in Table 1, a three-phase, four-pole 
squirrel cage induction motor is used as a typical 
example. 
 
 
3.1. Flux Density Distribution 
 

In IM, when stator windings are excited by three-
phase symmetrical sinusoidal AC currents, the 
rotating magnetic field will be generated in the 
machine, and the back EMF voltages will be induced 
in three-phase stator windings. If the mechanical load 
is coupled with the motor shaft, then the motor will 
output mechanical power and is running in loaded 
condition. In the finite element analysis, we have 
directly calculated the flux distribution and the 
winding flux linkages of two types of IM. Fig. 1(b) 
shows the flux distributions of the proposed motor in 
this paper. Owning to the effect of the magnetic 
barriers in the squirrel-cage rotor, the flux produced 
by the PMs can reach the main air-gap and link with 
the stator windings, which is not the same as the 
motor of the reference [12] which is shown in Fig. 1. 
The proposed IM will decrease the value of 
magnetizing current because of the existence of 
permanent magnets which can provide the air-gap 
flux. Therefore it is possible to improve power factor 
and efficiency for the proposed IM. 

Flux density distributions of two types of IM 
which is running in loaded operation are shown in 
Fig. 3(a) and Fig. 3(b) respectively. In Fig. 3, it very 
important to note that the magnetic saturation in the 
conventional IM is worse than that of the proposed 
IM, although the maximum flux density of the two 
IMs is approximately 1.8~1.9 T. 

Owing to the different rotor structure of the two 
IMs, the magnetic field in the proposed motor is 
generated by PMs and the magnetizing current drawn 
from grid and that of the convention IM is only 
generated by the magnetizing current drawn from the 
stator current. Considering the magnetic saturation of 
two IMs shown in Fig. 3, we can derive that the 
magnetizing current of the proposed IM is smaller 
than that of conventional IM, and power density of 
the proposed IM is higher than that of the 
conventional IM, which is important for the 
improvement of power factor and efficiency. 

Fig. 4 shows the flux linkage waveforms of two 
motors running in same loaded condition. The profile 
of the mutual flux linkage of two motors is sinusoidal 
curves, which indicates that the induced speed 
voltage will be sinusoidal. Meanwhile, we can also 
find that the flux linkage magnitude of the proposed 
IM is smaller than that of the conventional IM, then 
the magnetizing current of the proposed IM will 
smaller than that of the conventional IM. 
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(a) Conventional IM 
 

 
 

(b) Proposed IM 
 

Fig. 3. Flux density of two motors under loaded condition. 
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(a) Flux linkage of the conventional IM 
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(b) Flux linkage of the proposed IM 
 

Fig. 4. Flux linkage of two motors in the same load. 

3.2. Power Factor  
 

In conventional induction motors, a magnetic 
field is required as a medium to achieve the 
electromechanical energy conversion. And the 
magnetic field is generated by magnetization current 
drawn from the grid, therefore, the power factor of 
the conventional IMs will be low, especially the 
motor is running at no-load or light-load conditions. 
In the proposed IM, the magnetic field is generated 
by permanent magnets (PMs) and magnetization 
current drawn from the grid. Therefore the proposed 
IM’s power factor can be reached at arbitrary level 
(0~1) in theory, if all of the magnetic field is 
generated by PMs, the motor is operating at unity 
power factor. 

By the finite element analysis method, we have 
also investigated the power factor of two IMs. 
Fig. 5(a) and Fig. 5(b) show the inducted voltage 
waveform and input current waveform of two IMs 
running on same loaded condition respectively. 

In Fig. 5(a), the power factor angle of the 
conventional IM is about 46.8 degrees, and in 
Fig. 5(b), the power factor angle of the proposed IM 
is about 30.6 degrees, then the proposed IM’s power 
factor (cos30.6 °=0.861) is higher than that of the 
conventional IM (cos46.8 °=0.684). Therefore the 
proposed IM having a new internal PM rotor and a 
magnetic barrier cage-rotor is potential to improve its 
power factor. 
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(a) Conventional IM with 87Nm load torque 
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(b) Proposed IM with 87Nm load torque 
 

Fig. 5. Phase difference between inducted voltage  
and input current. 

 
 

Table 2 lists the power factors comparison for two 
IMs. We can find that the proposed IM’s power 
factors are higher than that of the conventional IM. 
When the motors are running at no-load or light-load 
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condition, i.e. at a load of 14 %~47 % rated power, 
the power factor of a conventional motor is 
0.16~0.37, and the proposed motor is 1~0.987. And 
the power factor of the proposed IM is decreasing 
with the load torque increasing. This means that 
when the load torque is increasing, active current 
drawn from the grid will increase obviously. 
 
 

Table 2. Power factor comparisons. 
 

Torque 
(Nm) 

Proposed IM Conventional IM

φ cos φ φ cos φ 

12 0 1 81.0 0.16 

23 0 1 77.4 0.22 

35 5.0 0.996 72.0 0.31 

41 9.0 0.987 68.4 0.37 

57 10.8 0.98 63.0 0.45 

67 16.2 0.96 54.0 0.59 

78 19.8 0.94 50.4 0.64 

83 23.4 0.92 46.8 0.69 

87 30.6 0.86 46.8 0.69 

 
 

In the proposed IM, the main flux is generated by 
the PM and the magnetization current drawn from the 
grid [15]. According to the IM operation principles, 
the induced electromotive force (EMF) of the motor 
is given by 

 
 φwfNkE 44.4= , (1) 

 
where kw is the winding factor, f is the frequency of 
the power supply, N is the total number of turns per 
phase, and Φ is the magnetic flux per pole. 

In Eq. (1), the mutual flux Φ is consisting of Φ1 
generated by PMs and Φ2 generated by the 
magnetization current drawn from the grid. Fig. 6 (a) 
and Fig. 6 (b) show the EMF waveforms of proposed 
IM and conventional IM running on the same loaded 
condition respectively. 

In Fig. 6 (a) and Fig. 6 (b), we can find that the 
EMF magnitude of the proposed IM is smaller than 
that of the conventional IM. According to Eq. (1), the 
part of mutual flux Φ2 of the proposed IM is smaller 
than that of the conventional IM, then the reactive 
current of the proposed IM is much smaller than that 
of the conventional IM, and the power factor of the 
proposed IM is higher. 

Fig. 6 (b) and Fig. 6 (c) show the EMF waveform 
of the proposed IM when its load varying from 
74 Nm to 87 Nm. We can find that the EMF 
magnitude is decreasing about 100 V. According to 
Eq.(2), we can derive that the main flux Φ of the 
proposed IM running at 87 Nm is smaller than that 
running at 74 Nm, and the magnetization current 
drawn from the grid is smaller than that running at 
74 Nm. Therefore, the proposed IM has great 
potential to improve the performances, such as the 
power factor and the efficiency. 
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(a) EMF of conventional IM with 87 Nm load torque 
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(b) EMF of proposed IM with 87Nm load torque 
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(c) EMF of proposed IM with 74 Nm load torque 
 

Fig. 6. EMF of two IMs in different load conditions. 
 
 

3.3. Energy Efficiency  
 

To maximize energy efficiency of an IM is to 
minimize various losses including the iron and 
copper losses for the machine operated at various 
load conditions. The iron losses are directly 
calculated by 2D transient finite element method and 
Fig. 7 shows the curves of iron losses versus time of 
two IMs running at same condition. In Fig. 7, the 
average of iron losses of the conventional IM is about 
111 W, and that of the proposed IM is about 70 W. 
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Fig. 7. Iron losses versus time curve of two IMs. 
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Due to the stator structures, stator windings and 
stator currents of the two IMs are the same, and then 
the copper losses of the two IMs are the same. 
Table 3 lists the efficiency comparison of two IMs. 

From Table 3, we can find that the efficiency of 
the proposed IM is higher than that of the 
conventional IM, and the proposed IM has the 
potential to achieve the high efficiency. 
 
 

Table 3.  Efficiency comparison. 
 

Torque (Nm) η (Proposed IM) η (Conventional IM)
57 0.885 0.870 
67 0.892 0.801 
78 0.921 0.888 
83 0.921 0.850 
87 0.955 0.903 

 
 

4. Conclusion  
 

A new squirrel-cage rotor structure induction 
motor (IM) that has a auxiliary permanent magnet 
(PM) rotor and improved cage-rotor structure is 
presented to enhance the inherent power factor, and a 
prototype motor is fabricated by modifying the rotor 
of a conventional three-phase four-pole squirrel-cage 
induction motor. The internal PM rotor is installed on 
the motor’s shaft and has relative motion against the 
shaft at the synchronous speed. It can be levitated by 
magnetic bearings and sealed in a vacuum. Therefore 
there is no mechanical frictional loss and no windage 
loss. This paper focuses on the performance 
comparative analysis of the proposed IM and a 
conventional IM by using 2D transient finite element 
analysis method. The flux distribution, power factor, 
core losses, and efficiency of the proposed and 
conventional IMs have been investigated. At a load 
of 14 %~100 % rated power, the power factor of a 
conventional motor is 0.16~0.69, and the proposed 
motor is 1~0.86. All results show that the proposed 
IM is potential to achieve the high power factor and 
high efficiency. 
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Abstract: The performances of two topologies of low-speed double-fed brushless machine (DFBM) with 
fractional slot windings are quantitatively compared and analyzed using two-dimensional (2-D) finite element 
method (FEM). To fairly compare the torque capability and power efficiency of different DFBMs, the 
investigated DFBMs have the same outer diameter, the same axial stack length and the same iron core materials, 
and some comparison rules are presented. In order to maximize the torque density, several important structure 
parameters are optimized. The results of this paper reveal the torque density levels and power density levels of 
two kinds of DFBMs. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

A double-fed brushless machine (DFBM) appears 
very attractive for its rugged structure (complete 
absence of slip rings and brushes), good 
compatibility with power converter, and flexible 
operational modes for various application 
needs [1, 2]. According to the flux modulated types, 
there are different topologies machine. One type of 
DFBM (referred as DFBM-I) shown in Fig. 1 (a) was 
stemming from the cascaded induction machine and 
the self-cascaded induction motor [3, 4]. This type of 
DFBM has two sets of separate windings with 
different pole numbers (2p and 2q) located on one 
stator, and the rotor is structured with several 
reluctance segments with pole number different from 

either of the stator windings. The operation of this 
machine relies on the interaction of the two  
stator windings through the intermediate action of the 
rotor [5-7].  

The other type of DFBM (referred as DFBM-II) is 
shown in Fig. 1 (b) whose operating principle is 
similar to that of magnetic gears [8-10]. This 
proposed DFBM has one rotating part and two 
stationary windings with different pole numbers  
(2p and 2q) located on two stators respectively. The 
function of rotating steel segments in the air-gap is to 
modulate the magnetic fields produced by each of the 
stationary windings, resulting in appropriate space 
harmonics with the required pole pairs to interact 
with other windings to convert the mechanical power 
into electric power [11-13]. 

http://www.sensorsportal.com/HTML/DIGEST/P_2566.htm
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As far as the authors are aware, there is no 
quantitative comparison between the two types of 
proposed DFBMs. In this paper, a rule to compare the 
power density of the DFBMs is presented. The 
performance of the low-speed DFBM-I is compared 
with those of low-speed DFBM-II with fractional-slot 
windings. The stator EMF, electromagnetic torque, 
core losses and efficiency of the two machines have 
been investigated by using 2D transient finite element 
analysis method.  
 
 

 
 

(a) DFBM-I 
 

 
 

(b) DFBM-II 
 

Fig. 1. Cross section of two types of DFBMs. 
 
 

2. Comparison Rules for Two Motors 
 

The purpose of this paper is to compare the output 
power per unit volume of two different types of 
motors. All the motors being studied have three 
phases and are operated as synchronous motors and 
double-fed motors. For the synchronous motor 
operation, one set of stator windings are fed with 
50 Hz three-phase sinusoidal AC currents, the other 
set of stator windings are fed with three-phase DC 
currents, and the synchronous speed of two DFBMs 
is 200 rpm. For the double-fed motor operation, two 
sets of stator windings are fed with 50 Hz and 35 Hz 
three-phase sinusoidal AC currents respectively, and 
the rated speed of two DFBMs is 60 rpm. Rules to 
compare the power densities of two motors are: 

1) Two motors have the same outside radius and 
axial length; the same grade of iron and copper 
materials, the same stator slot number for two stators, 
the same cross-sectional area of one slot, and the 
same conductor numbers per slot, the same cross-
sectional area of one conductor. 

2) The operation state (synchronous motor and 
double-fed motor) of two DFBMs are the same. The 
magnitudes and frequencies of two stator currents of 
two motors are the same, and the rotor speeds of two 
motors are the same. 

In order to compare the output power per unit 
volume of two DFBMs, the power losses will be used 
as a direct measure of the output power of the two 
motors. Moreover, as the copper loss is only a small 
percentage of the total losses in these motors, one can 
take the core loss as an indication of the output power 
per unit volume of two motors. In other words, it is 
assumed that the small core loss of the motor will 
have the large output power per unit volume.  

To allow for consistent performance comparison, 
three-phase symmetrical currents are fed into the 
stator windings. The procedures to compare the 
performances of different motors are: 

1) Perform synchronous operation simulation. If 
the magnitude of the computed electromagnetic 
torque of the torque-angle curve is high, it has high 
torque density. 

2) Perform double-fed operation simulation to 
compute the full-load torque, back EMF and core 
losses using transient 2D FEM. The core losses of the 
two motors are computed by using the method 
presented in [14-18]. 

 
 

3. System Structure of Two DFBMs 
 

Fig. 1(a) and Fig. 1(b) show the cross section of 
DFBM-I and DFBM-II respectively. The DFBM 
system of the two motors are the same configuration, 
as shown in Fig. 2, the DFBM system consists of 
three main components, a DFBM, a back-to-back 
inverter and an associated controller. DFBM is a 
controlled electric machine, and it is necessary to 
mate DFBM with a bidirectional power  
flow converter. 

In the system, the stator of a DFBM has two sets 
of three-phase sinusoidal distributed windings. One 
set of windings is connected directly to the power 
grid. The other set of windings is fed with variable 
voltages at variable frequencies from a converter that 
also is connected to the power grid. The two sets of 
windings differ in pole numbers, one of 2p and 
another 2q. The rotor of the DFBM is a special 
design, its pole number is pr, and  
 

 pr = p+q, (1) 
 

The operation of the DFBM relies on the 
interaction of the two stator windings through the 
intermediate action of the rotor. When one set of 
symmetrical sine-wave currents of frequency f1 are 
flowing in 2p pole number windings, a set of three-
phase back EMFs will be induced with a frequency of 
f2 in the 2q pole number windings. The two electrical 
frequencies f1 and f2 are related to the rotor 
mechanical speed nrm by the following equation: 
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 nrm= 60 (f1 ± f2) / pr, (2) 
 

Electromechanical energy conversion will take 
place in DFBMs if Eq. (2) is satisfied. For the 
proposed DFBM, the parameters are 2p=8, 2q=22, 
and pr =15; f1 =50 Hz and f2 = 35 Hz. The rotating 
speed of the rotor is 60 rpm. The main dimensions of 
DFBM-I and DFBM-II are listed in Table 1 and 
Table 2 respectively. The stator of the two DFBMs is 
designed with 36 slots, and the single-layer full-pitch 
of 8-pole and 22-pole stator winding connections is 
shown in Fig. 3(a) and Fig. 3(b) respectively. 
 
 

 
 

Fig. 2. Schematic diagram of a DFBM system. 
 
 

Table 1. Main dimensions of DFBM-I. 
 

Stator OD (mm) 300 Rotor OD (mm) 199 
Stator ID (mm) 200 Rotor ID (mm) 50 
Stator slots 36 Airgap length (mm) 0.5 
Stack length (mm) 500 Speed of rotor (rpm) 60 
Rotor pole number 15 Stator pole number 8, 22 
 
 

Table 2. Main dimensions of DFBM-II. 
 

Outer stator OD (mm) 300 Inner stator OD (mm) 206
Outer stator ID (mm) 220 Stack length (mm) 500
Two stator slots 36 Inner stator pole number 8 
Speed of rotor (rpm) 60 Outer stator pole number 22 

Airgap length (mm) 0.5 
Steel segments length 
(mm) 

15 

 
 

 
 

(a) 8 pole number stator winding with 36 slots 
 

 
 

(b) 22 pole number stator winding with 36 slots 
 

Fig. 3. Stator windings connection. 

4. Performance Analysis by FEM 
 
4.1. Two DFBMs Running on Synchronous 

Operation 
 

In Eq. 2, depending on the value of controlled 
frequency f2, a DFBM can operate in three modes: 
sub-synchronous operation (f2 < 0), synchronous 
operation (f2 = 0, with dc excitation) and super-
synchronous operation (f2 > 0). The synchronous, 
doubly-excited mode in which f2=0, is 
straightforward and will be used as the starting point 
for analysis in the paper. 

The direction of power flow in the control 
(secondary) winding depends on the operation modes 
of the drive system. The quadrants in this context are 
defined by the zero torque axis and the control 
winding frequency on the horizontal axis, with 0 Hz 
indicating DC at the natural synchronous speed, as 
shown in Fig. 4, the direction of converter power 
flow has been indicated using sign + for power 
flowing into the control winding, and sign − for 
power flowing out. 
 
 

 
 

Fig. 4. Power flow in the control (secondary) winding. 
 
 

Two-dimensional (2-D) transient finite element 
method (FEM) is employed to analyze the proposed 
DFBMs, the advantages of the transient FEM is that 
the realistic conditions of lamination geometries, core 
materials, and winding connections are all considered 
collectively and faithfully. The magnetic flux 
distribution of the DFBM-I and DFBM-II at natural 
synchronous condition can be investigated when one 
of the two sets of stator windings is excited with a 
three-phase current at 50 Hz. The other set of stator 
windings are fed with three-phase DC currents, and 
the rotor speed is 200rpm. The flux distribution over 
the cross-section of the DFBM-I and DFBM-II are 
shown in Fig. 5 and Fig. 6 respectively. Fig. 5(a) is 
the flux density in the DFBM-I, and Fig. 5(b) is the 
distribution of magnetic lines as well as Fig. 6(a) and 
Fig. 6(b). The air-gap field distribution and its 
harmonic spectra of the two DFBMs with fractional-
slot windings are shown in Fig. 7 and Fig. 8 
respectively. In DFBM-II, there are two air-gaps on 
both sides of modulation steels. 

It is noted that the 15 pole-pair harmonic (Fig. 7 
and Fig. 8) is larger than other harmonics because of 
the presence of modulation steels, and its magnitude 
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of DFBM-I is larger than that of DFBM-II. This 15 
pole-pair harmonic is the functional harmonic for 
power conversion. Indeed one of the main 
optimization objectives of the study is to enhance the 
operational harmonics and suppress the other 
harmonics. The dimensions of the modulation steels, 
the number of pole-pairs of the windings, the length 
of the air-gap and the shape of the slots are factors 
governing the harmonic distribution of the flux 
density. 
 
 

 
 

(a) Flux density in the DFBM-I 
 

 
 

(b) Distribution of magnetic lines in the DFBM-I 
 

Fig. 5. Flux distribution of DFBM-I. 
 
 

 
 

(a) Flux density in the DFBM-II 
 

 
 

(b) Distribution of magnetic lines in the DFBM-II 
 

Fig. 6. Flux distribution of DFBM-II. 
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(a) Airgap-flux density 
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(b) Harmonics 
 

Fig. 7. Air-gap flux density waveform and its harmonics  
of DFBM-I. 
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Fig. 8 (a). Air-gap flux density waveform and its 
harmonics of DFBM-II: Flux density for outer air-gap. 
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Fig. 8 (b). Air-gap flux density waveform and its 
harmonics of DFBM-II: Harmonics for outer air-gap. 
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Fig. 8 (c). Air-gap flux density waveform and its harmonics  
of DFBM-II: Flux density for inner air-gap. 
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Fig. 8 (d). Air-gap flux density waveform and its 
harmonics of DFBM-II: Harmonics for inner air-gap 

 
 

In DFBM, when one set of stator winding is 
excited by DC or AC, Back EMF voltages will be 
induced in another set of stator windings, due to 
mechanical rotation of the rotor. If a set of currents of 
the same frequency as that of the mutual flux  
linkage variation are injected into the second set of 
stator windings, the electromagnetic torque will  
be produced.  

The torque production by finite element analysis 
is directly based on the magnetic field density and 
intensity on each element. The results are considered 
accurate because the complicated geometry of the 
FM-DFBG and nonlinearity of the materials are full 
considered. Fig. 9 shows the torque production 
curves computed directly by finite element method of 
the DFBM-I and DFBM-II. In Fig. 9, the average 
torque of two DFBMs is about 169 Nm and 171 Nm 
respectively. Therefore the torque density of  
DFBM-II is larger than that of DFBM-I. 
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Fig. 9. Torque versus time of two DFBMs. 
 
 

4.2. Two DFBMs Running on Double-fed 
Operation 

 

In DFBM, when two sets of stator windings are 
excited by 50 Hz and 35 Hz AC currents 
respectively, the machine is running on double-fed 
operation, and the rotor speed is 60 rpm. By the same 
method, we have also investigated flux distribution, 
torque capability, core losses and efficiency of 
DFBM-I and DFBM-II. 

Fig. 10(a) and Fig. 10(b) show the computed 
torque as a function of the rotor angles for DFBM-I 
and DFBM-II respectively. In Fig. 10, the maximum 
torque of the two DFBMs is the same, DFBM-I is 
about 172 Nm, DFBM-II is about 171 Nm. 

As shown in Fig. 11, core losses of two DFBMs 
with factional-slot stator windings have been 
analyzed as well. It can be observed that the core 
losses of DFBM-II is larger than that of DFBM-I, and 
it is about 240 W for DFBM-I, 380 W for DFBM-II. 
The copper losses of two motors are 21 W, then the 
efficiency of two motors can be calculated, 92.2% for 
DFBM-I, 90 % for DFBM-II. According to the 
comparison rules, the power density of DFBM-I is 
larger than that of DFBM-II. 
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(a) DFBM-I 
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(b) DFBM-II 
 

Fig. 10. Torque-angle curve of two DFBMs running  
on double fed operation. 
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Fig. 11. Core losses of two DFBMs. 
 
 
7. Conclusions 
 

The paper focuses on the performances 
comparison analysis of two topologies of low-speed 
double-fed brushless machine (DFBM) with 36 slots 
fractional slot windings. To fairly compare the torque 
capability and power efficiency of two topologies 
DFBMs, some comparison rules are presented, and 
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the flux distribution, the flux density in air-gap, 
electromagnetic torque, core losses and efficiency of 
two DFBMs running on synchronous and double-fed 
operations have been investigated by using 2D 
transient finite element analysis method. All studies 
show that the torque density of DFBM-II is larger 
than that of DFBM-I, the power density of DFBM-I 
is larger than that of DFBM-II. Two DFBMs with 
fractional-slot windings are potential to achieve  
high efficiency and apply in double-fed low-speed 
drive applications. 
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Abstract: Combining working principle and failure mechanism of RZU2000HM hydraulic press, with its 
present fault cases being collected, the working principle of the oil pressure and faults phenomenon of the 
hydraulic power unit –swash-plate axial piston pump were studied with some emphasis, whose faults will 
directly affect the dynamic performance of the oil pressure and flow. In order to make hydraulic power unit 
work reliably, PARD-BP (Pruning Algorithm based Random Degree) neural network fault algorithm was 
introduced, with swash-plate axial piston pump’s vibration fault sample data regarded as input, and fault mode 
matrix regarded as target output, so that PARD-BP algorithm could be trained. In the end, the vibration results 
were verified by the vibration modal test, and it was shown that the biggest upward peaks of vacuum pump in 
X-direction, Y-direction and Z-direction have fallen by 30.49 %, 21.13 % and 18.73 % respectively, so that the 
reliability of the fact that PARD-BP algorithm could be used for the online fault detection and diagnosis of the 
hydraulic pump was verified. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: RZU2000HM hydraulic press, Swash-plate axial piston pump, Vacuum self-priming, FAULT 
diagnosis, Modal test. 
 
 
 
1. Introduction 
 

Hydraulic press bears extremely important work 
in modern mechanical manufacturing. Hydraulic 
press failure could cause the halt of production lines 
and the reduction of production efficiency, and or 
even could cause the loss of life and property. How to 
make an accurate judgment on hydraulic work status 
and ensure orderly production has become the 
research focus of machinery industry. But the 
complicated hydraulic structure, the characteristics of 
collected information which include diversity, 
complexity, randomness and correlation-hierarchy, 
the correlation between the characteristic values, and 

the randomness and uncertainty of the signal, all 
cause great influence of faults diagnosis of hydraulic 
press [1].  

Hydraulic pump often works in poor 
environment. It is difficult to use conventional 
extraction method to extract the pump discharge 
monitoring signals through a single sensor. So it is 
necessary to make full use of multi-sensor 
information sources, in order to obtain reliable 
estimates of device status. For the hydraulic pump 
fault diagnosis, there are the comprehensive analysis 
of the pump shell vibration signals of X-direction, Y-
direction and Z-direction, and the results fusion of 
vibration diagnosis [2]. The PARD-BP (Pruning 
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Algorithm based Random Degree) neural network is 
used to diagnose the vibration signal of every 
direction, and to fuse the results of vibration 
diagnosis. According to relevant statistics [3, 4], 
China metallurgical department equipment 
maintenance cost is as high as 25 billion RMB every 
year. If the state detection and fault diagnosis 
technology have popularization and application, 
which could reduce accident rate, save maintenance 
cost and possess huge potential economic value. This 
article focuses on fault diagnosis of hydraulic pump 
hydraulic power components, treatment of algorithm 
for calculation and fault phenomenon, then the 
vibration test instrument is used to test and verify the 
reliability of algorithm. 
 
 
2. Hydraulic Power Components 
 
2.1. Working Principle 
 

As the research object, large CNC type single and 
double dynamic RZU2000HM rapid sheet drawing 
hydraulic press (Fig.1) is used widely in processing 
technology of sheet metal, such as stamping, 
bending, pressing. Because the kind of finished 
products manufactured goods have the characteristics 
of shape and dimensional accuracy, high efficiency, 
stable processing of low cost and are suitable for 
mass production, which is widely used in 
automobiles, tractors, ships, kitchen utensils, aircraft 
and other industries of sheet covering parts 
processing production [5]. 
 
 

 
 

Fig. 1. RZU2000HM sheet drawing hydraulic press. 
 
 

As the power components of the hydraulic 
system, it provides the hydraulic pressure with 
necessary oil. Compared with other forms of positive 
displacement pump, the swash-plate axial piston 
pump can obtain higher working pressure, compact 
size of unit power and high volume efficiency. 
Airtight work space, which is formed by the piston, 

cylinder block and oil distribution disc, increases 
gradually form a partial vacuum and achieves the oil 
absorption, and it is the hydraulic oil closed in oil 
pipe to transmission hydraulic power. Because of the 
huge appearance of the hydraulic press, and many 
components, it is difficult to remove and maintenance 
the hydraulic press when the fault occurs. It is 
necessary to research intelligent fault diagnosis 
system of power element, which can find fault  
more rapidly and accurately, operate simply and 
avoid remove. 
 
 
2.2. Common Faults of Plunger Pump 
 

The vibration signal of plunger pump is collected 
when it is working normally and breaking down, and 
the following 6 kinds of common faults are selected: 
abnormal wear, anomaly oil temperature, oil 
distribution plate cylinder body wear, inclined plate 
wear, too large noise, and the oil leakage. Using 
parameters as the characteristic parameters, such as 
peak, root mean square value and pulse index [6, 7].  

The calculation methods of parameters 
respectively are:  

Peak: ）（PP maxmax =  

Peak-to-peak value: minmaxpp PPP −=  

Root-mean- square value: 
2

1
rms

1 
=

=
N

i
iP

N
P  

Waveform indicators: =fW rmsP /
−
P , among 

this formula, 
−
P  is the mean; 

Peak metric: rmsmaxf PPK =  

Pulse index: 
−

= PPC maxf  

Experimental device is DH5922N dynamic signal 
testing analyzer of Donghua co., LTD. Due to space 
limitations, vibration acceleration measured values of 
normal and various fault state are not given here. 
Gathering vibration signals of the hydraulic pump 
when it is working normally and have malfunctions, 
such as cylinder wear, oil temperature anomalies, oil 
distribution plate wear, inclined plate wear, too much 
noise and the oil leakage. For vibration data network 
extract training of the horizontal direction  
(X-direction), vertical direction (Y-direction) and 
axial direction (Z-direction). Extracting 6 sets data of 
every fault for feature extraction, collecting 
150 points every group of data, and training the 
characteristic signal processing, the data will be input 
to the neural network.  

Building up the above seven kinds of fault 
symptom table of the horizontal direction  
(X-direction), vertical direction (Y-direction) and 
axial direction (Z-direction), which is hydraulic pump 
work properly (F0) and cylinder wear (F1), anomaly 
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oil temperature (F2), the oil distribution disc wear 
(F3), inclined plate wear (F4), too large noise (F5) 
and oil leakage (F6). Fault symptom table of the  

X-direction is listed only, as shown in Table 1, the 
failure mode of the above state table as shown  
in Table 2. 

 
 

Table 1. Swash-plate axial piston pump fault symptom table (horizontal/X-direction). 
 

Parameter 
 
Failure mode 

Peak 

max
P  

Peak-to-peak 

value 
ff

P  

Root-mean-square 

value 
rms

P  

Waveform 

indicators
f

W
Peak metric 

f
K  

Pulse 

index
f

C  

Normal 0.5268 0.6379 0.4376 0.6325 0.6175 0.6248 
Cylinder wear 0.4218 0.3978 0.3366 0.4097 0.3725 0.4421 
Anomaly oil temperature  0.3365 0.3962 0.6158 0.3003 0.6200 0.3119 
Oil distribution disc wear 0.4456 0.3811 0.6031 0.4568 0.6059 0.4113 
Swash plate wear 0.5233 0.6011 0.4425 0.4473 0.4701 0.3668 
Too much noise 0.4420 0.5133 0.2716 0.4567 0.3263 0.5112 
Oil spill 0.5137 0.4579 0.4497 0.5683 0.4576 0.5199 
 
 

Table 2. Failure mode tables. 
 

State 
Failure mode F1 F2 F3 F4 F5 F6 

Normal 0 0 0 0 0 0 
Cylinder wear 1 0 0 0 0 0 
Anomaly oil temperature  0 1 0 0 0 0 
Oil distribution disc wear 0 0 1 0 0 0 
Swash plate wear 0 0 0 1 0 0 
Too much noise 0 0 0 0 1 0 
Oil spill 0 0 0 0 0 1 
 
 

To verify the effectiveness of the fault diagnosis 
of hydraulic power components, introduce PARD-BP 
algorithm for network structure. 
 
 

3. Fault Diagnosis of Plunger Pump 
Based on PARD-BP 

 

3.1 Fault Detection Diagnosis Design 
 

Because of the plunger pump work disturbance by 
external factors such as dust, moisture, to curb its 
impact on the state monitoring, the following monitor 
is designed [2, 8]. 
 

1O O O
V T V G B I K Y= + +  

ˆ
O

E V H Y= + , 

where V  is the state vector of monitor; Ê  is the 
state estimation vector of hydraulic pump. Defining 

state error ˆE E E= − , output residuals 
ˆo Y Y= − ，Combining with the plunger pump 

model 
 

1 2
E AE B I B W= + +  

1y y
Y C E D I= +  

 

Trouble-free plunger pump status is stable 
working performance, in combination with the 
acceleration dynamic parameter extraction and 
optimization of plunger pump fault diagnosis, and the 
algorithm is studied. The network model of the 
hydraulic pump fault diagnosis is shown in Fig. 2. 
 
 

3.2. PARD-BP Genetic Algorithm 
 

With the algorithm convergence properties of the 
network structure, simplified pruning and implication 
of its reviewing random event selection problem, 
PARD-BP genetic algorithm is better than ordinary 
genetic algorithms. To illustrate the availability of 
PARD-BP genetic algorithm, axial plunger pump 
fault data samples are input, fault mode goal matrix 
are output, and BP algorithm is trained. 

 
 

 
 

Fig. 2. Network model of the hydraulic pump fault diagnosis. 
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First of all, the output goals matrix is 
2 2 1 1 2a logsig( logsig( b b*( )) )LW IW P= + +  among 

this formula: 
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To set up the network, setting goals choose-
training error and the initial learning rate to 0.008, the 
initial weights of the random number interval (1, 1), 
learning function is not set, initializing networks,  
and collecting fault diagnosis sample data of 
hydraulic pump. 

3.3. Fault Diagnosis of Plunger Pump Based 
on the Algorithm 

 
The fault diagnosis model of plunger pump based 

on genetic algorithm consists of two parts – genetic 
algorithm optimization calculation and plunger pump 
failure integration of numerical simulation. 
Compared with other traditional optimization 
algorithm, genetic algorithm does not require 
derivative or other auxiliary information, can realize 
the process of evolution in nature to approximation 
problem of the optimal solution only by imitating 
screening successful gene, can deal with fault 
diagnosis and optimization problems of the working 
process hydraulic pump.  

The algorithm has strong robustness and good 
global search ability [9, 10]. 

Through the PARD-BP network, testing fault data 
samples of the hydraulic pump, have taken history 
fault samples vibration signal collection of  
X-direction normalize processing. As the network 
input matrix, taking cylinder wear (F1), the oil 
distribution disc wear (F3), a set of each, and swash 
plate abrasion (F4) two sets of fault data, input matrix 
is sorted out, as shown in Table 3. 

 
 

Table 3. Fault data samples (horizontal/X-direction). 
 

Cylinder wear (Sample 1) 0.3125 0.3097 0.4765 0.5261 0.4201 0.3845 0.3652 0.5643 
Oil distribution disc wear (Sample 2) 0.3085 0.2876 0.4236 0.4011 0.3173 0.3065 0.2937 0.6767 
Swash plate wear (Sample 3) 0.2389 0.2673 0.2543 0.2306 0.3502 0.2876 0.2645 0.6473 
Swash plate wear (Sample 4) 0.5291 0.5627 0.5864 0.5683 0.3092 0.4563 0.4785 0.3557 

 
 

The structural parameters of the level  
(X-direction) vibration after the neural network 
training are shown in Table 4, thus it can be seen that 
the object after pruning, number of hidden layer 
nodes by 18 down to five. Adopting the trained 
network structure of fault data samples for testing, 
the results as shown in Table 5. The output results of 
the table for further processing, take its output 

matrix, the table of fault diagnosis model, and 
diagnosis conclusion. What can be seen from 
Table 6, network diagnosis result of PARD-BP are in 
complete accord with actual test results. Through the 
analysis, we can see that PARD-BP network can 
identify the different forms of faults, and can make 
accurate fault diagnosis. To confirm that the method 
is effective, the test and simulation test will be given. 

 
 

Table 4. Vibration parameters simplification (level/X-direction). 
 

Initial value of level/X-direction 
-0.3226    -0.2828    0.1027    0.1271   -0.1165    0.085   -0.073   -0.4238   -0.4653 
-0.1578    -0.4764    -0.1089    0.1783   -0.3895   -0.4563  0.1124   0.1016   -0.4329 

Value of the training 
-7.055463   5.182612   -1.837596   2.587431   3.758632 

 
 

Table 5. Sample data. 
 

Cylinder wear (Sample 1) 0.1564 0.1453 0.9836 0.0000 0.0000 0.0125 
Oil distribution disc wear (Sample 2) 0.0021 0.9964 0.1382 0.0000 0.0009 0.0000 
Swash plate wear (Sample 3) 0.0003 0.1469 0.0005 0.9894 0.0000 0.0059 
Swash plate wear (Sample 4) 0.0890 0.0000 0.0002 0.9952 0.0007 0.0017 

 
 

Table 6. Network diagnosis of PARD-BP. 
 

Sample No. Failure mode Diagnosis conclusion 
Sample 1 0 0 1 0 0 0 Cylinder wear 
Sample 2 0 1 0 0 0 0 Oil distribution disc wear 
Sample 3 0 0 0 1 0 0 Swash plate wear 
Sample 4 0 0 0 1 0 0 Swash plate wear 
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4. Optimization Analysis of Experimental 
Result 

 

To test and verify the reliability of algorithm, 
using the single-point excitation vibration picking 
method [11], modal analysis test was carried out on 
the hydraulic pump, through experiment decorate 
900 points (six test points, each test point is the  
X-direction, Y-direction and Z-direction, partial test 
50 times every direction) to collect data [11, 12]. In 
addition to the modal test of hydraulic pump under 
static condition, continuous incentives in the 
corresponding points of hydraulic pump were 
adopted to acquire respective vibration signal. 
ANSYS Harmonic Response module was chosen, 
hydraulic pump model was imported, and equivalent 
harmonic force was applied to X-direction,  
Y-direction and Z-direction of hydraulic pump, 
which only affects the size of the exciting force 

amplitude, have no effect on the frequency response 
curve of distribution. Analysis of frequency range of 
0-200 Hz, in order to make the simulation of the 
vibration is more approximate to the actual situation. 

There is an obvious peak value of X-direction 
relative amplitude frequency curve between  
18-23 Hz, the order modal is that the hydraulic pump 
swings along X-direction. There is a peak around 
40 Hz, which shows the pump reverse with  
X-direction and swings along the Y-direction. There 
is an obvious peak between 65-70 Hz when the 
hydraulic pump swings along Y-direction and turns 
around Y axis.  

There is an obvious peak between 135 Hz, using 
the same loading mode and optimizing harmonic 
response analysis of the hydraulic pump finite 
element model [11], and extracting the  
relative displacement amplitude frequency curves of 
X-direction, Y-direction and Z-direction (Fig. 3). 

 
 

 
 

(a) X direction (b) Y direction (c) Z direction 
 

Fig. 3. Relative displacement amplitude frequency curve after the optimization. 
 
 

Data in the Table 7 shows that the frequency 
values of basic were improved by optimizing all 
directions of frequency values corresponding to 
amplitude-frequency curve peak, and the largest 
increase was 9.37 %. Optimized amplitude-frequency 
curve peak of all directions also have different 

amplitude reduced, the largest peak of X-direction, 
Y-direction and Z-direction has fallen by 30.49 %, 
21.13 % and 18.73 % respectively, to illustrate that 
the dynamic performance of hydraulic pump  
are improved. 

 
 

Table 7. Relative displacement amplitude frequency change of hydraulic pump. 
 

Relative displacement amplitude frequency curve of X-direction 
Frequency 

variation (%) 

Variation 
of largest 
peak (%) 

Original value Optimal value 
Frequency (Hz) Peak (m) Frequency (Hz) Peak (m) 

21.45 4.27×10-5 23.46 3.68×10-5 9.37% -13.82 % 
40.59 1.64×10-5 40.59 1.14×10-5 0 -30.49 % 
66.49 3.18×10-5 70.13 2.80×10-5 5.47% -11.95 % 
137.43 3.65×10-5 140.21 2.97×10-5 2.02% -18.63 % 

Relative displacement amplitude frequency curve of Y-direction 
Frequency 

variation (%) 

Variation 
of largest 
peak (%) 

Original value Optimal value 
Frequency (Hz) Peak (m) Frequency(Hz) Peak (m) 

40.02 2.12×10-5 40.02 1.76×10-5 0 -16.98 % 
117.69 1.94×10-5 119.35 1.53×10-5 1.41% -21.13 % 
138.80 4.52×10-5 140.43 3.96×10-5 1.17% -12.39 % 

Relative displacement amplitude frequency curve of Z-direction 
Frequency 

variation (%) 

Variation 
of largest 
peak (%) 

Original value Optimal value 
Frequency (Hz) Peak (m) Frequency (Hz) Peak (m) 

98.26 2.19×10-5 98.26 1.82×10-5 0 -16.89 % 
137.71 4.35×10-5 140.40 3.73×10-5 1.95% -14.25 % 
167.61 2.51×10-5 170.30 2.04×10-5 1.60% -18.73 % 
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5. Conclusion 
 

There are many factors that could influence the 
hydraulic press work. With its power element swash-
plate axial piston pump as the research object in this 
paper, according to the theory of algorithms and test 
methods of data information extraction, to prove the 
validity of the method of hydraulic pump fault 
diagnosis algorithm. This method can also be applied 
to the diagnosis of similar components, even form a 
system, establish RZU2000HM hydraulic fault 
diagnosis model. But subsequent work needs a 
further study: expecting search optimization from the 
multiple method fusion, and experiencing the 
experiment verification. 
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Abstract: For the serious visual obstacle problem to be caused by rain-haze disasters, the method is proposed 
that a fog-haze medium transfer rate valuation model is established using the extinction coefficient 
characteristics. In this way, the tunnel monitoring video image will be restored by fog-haze image degradation 
model. Due to the atmospheric visibility from the scattering type visibility meter, the estimates to fog-haze 
medium bit rate is more close to reality. The algorithm of process to be built by the method is very clear, and 
overcome the drawbacks of affect video fluency that needs a large number of time-consuming calculation 
through traditional methods. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Vehicle video image, Defogging algorithm, Extinction coefficient, Fog-haze medium transmission 
rate. 
 
 
 
1. Introduction 
 

The visual obstacle problem caused by rain-haze 
disasters, as the main factor of causing major 
malignant traffic accidents, is getting more and more 
attention. In the field of tunnel visual perception, 
academics focused on video image dehazing 
processing based on two technology paths of the fog-
haze image degradation model and the estimates to 
image pixel fog-haze concentration, in order to solve 
this problem. However, these methods can not meet 
the real-time requirement due to the complex and 
time-consuming processing caused by the fast 
moving vehicles in the freeway. The frame loss 
produced by time-lag also seriously affects the video 
image quality. Therefore, we proposed a removing 
fog-haze algorithm about the vehicle video image 
based on extinction characteristics. The algorithm can 
transform the fog-haze medium transmission rate into 
the contrast metric characterizing factor about the 

dark channel of degraded image based on measured 
values of atmospheric extinction coefficient, and get 
a clear image after dehazing by fog-haze degradation 
model. 
 
 

2. Simplify of Fog Image Degradation 
Model 

 
Fog-haze video image restoration technique is to 

study how to isolate atmospheric scattering light from 
the degraded image, then obtain the clear image. Its 
essence is the repairment of single frame image. The 
idea for this study dates to the 1950s [1]. In 1952, 
Middleton summarized a series of theories about 
atmospheric physics, then McCartney presented a 
physical model of the atmospheric scattering based 
on his theories in 1975 [2]. This model laid a 
theoretical foundation for later research on 
atmospheric scattering method. 

http://www.sensorsportal.com/HTML/DIGEST/P_2568.htm
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According to the atmospheric scattering theory, 
due to combination of aerosols and water vapor in the 
atmosphere, the light intensity of video image system 
would decrease and the image would be degrade for 
the scattering, thus forming fog barrier. Nayar and 
others summed up the sky illumination model and 
direct attenuation model [3], as shown in Fig. 1. 
 
 

 
 

Fig. 1. Atmospheric attenuation model. 
 
 

We can know from the law of light attenuation 
exponential in the atmosphere [4]: 
 

 (d) (0)e kdϕ ϕ −= , (1) 
 

where d is the scene distance shown in Fig. 1, (0)ϕ  

is the acquired light energy in zero distance, (d)ϕ  is 

the received light energy after the transmission of 
d distance from (0)ϕ , k is the attenuation coefficient 

of atmosphere medium. According to this law, Nayar 
and others presented the light radiation intensity 
model at each point of the image in the scene [5]: 
 

( )d
( )d

2

( ) ( )e
(d, ) ( )(1 e )

E
E E

d

β λ
β λλ γ λλ λ

−
−∞

∞= + − , (2) 

 

where E∞  is the horizontal sky light intensity, 

( )γ λ  is the reflectance attribute of every point in the 

scene, ( )β λ  is an atmospheric scattering coefficient 

based on the wavelength of light function, which is 
related to the fog-haze concentration. (d, )E λ  is the 

actual received image under the influence of the fog-
haze. Through mathematical transformation of 
formula (2), we can obtain the brightness of each 
point, which is the received image: 
 

 (1 e )d dE I e Iβ βρ − −
∞ ∞= + − , (3) 

 

where I∞  represents the atmospheric light, ρ  which 

has nothing to do with atmospheric conditions 
represents the radiation intensity of standard light. 

I ρ∞  is the image brightness without scattering, or 

the image without fog-haze. It is attenuated by the 
haze medium, and the degree is decided by the scene 

depth d. So dI e βρ −
∞  is called direct attenuation [6], 

and e dβ−  is called fog-haze medium transmission 

rate. (1 e )dI β−
∞ −  is called atmospheric scattering 

light which makes the light blur and distorts the 
color. Therefore, the purpose of image dehazing is to 

restore I ρ∞  from E. 

Assume that I ρ∞  is R, e dβ−  is t(x), formula (3) 

can be expressed as: 
 

 (x) (E I ) IR t ∞ ∞= − + , (4) 

 
Formula (4) is so-called fog-haze image 

degradation model. As mentioned before, 

(x) e dt β−=  is regarded as the fog-haze medium 

transmission rate reflected in the x region of the 
image because of the connection of β  and fog-haze 

concentration. The model shows that we can know 
the fog concentration and restore the image R by the 
fog-haze medium transmission rate. 
 
 
3. Relationship between the Transmission 

Rate and Extinction Coefficient 
 

The fog-haze concentration associates with 
atmospheric extinction coefficient in the atmospheric 
visual optical theory. The coefficient reflects the 
optical absorption of aerosol in the air. Aerosol in gas 
is fine colloidal. It has variety of forms which is 
called smoke when dispersing as solid and called fog 
as liquid. Usually, the higher smog concentration in 
the air, the deeper the color of fine grain becomes, 
the greater light absorption will be, and the lower 
light transmittance, It shows the coefficient will be 
bigger, otherwise small. So the extinction coefficient 
determines the atmospheric visibility. In 
meteorology, the relationship between the extinction 

coefficient wuσ  of unit volume fog-haze and the 

horizontal atmospheric visibility [7] is shown: 
 

 ( )3.912

wu

N km
σ

= , (5) 

 
usually, to detect the vehicle visibility in the freeway, 
scattering visibility instruments with the optimal 
range in 2 km are always chosen. We can obtain the 
diagram between visual range N in the 2 km and the 
extinction coefficient from formula (5), as shown  
in Fig. 2. 

Fig. 2 shows that the characteristics of the 
coefficient are consistent with the medium 
transmission rate reflected in formula (4). When the 
fog-haze becomes very high, the extinction 
coefficient tends to be 100 %, so the optical 
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transmission is completely blocked. Then the 
atmospheric transmission medium and the visibility 
both approach 0. 
 
 

 
 

Fig. 2. Relationship between N and wuσ . 

 
 

When the fog-haze concentration is 0, the 
extinction coefficient is theoretically 0, the 
transmission rate is theoretically 100 %. So we can 
conclude R=E, the image observed should be clear 
with no haze. However, the transmission can never 
achieve complete. We can only assume that the rate 
is 100 % when the visibility N achieves a multiple of 
the optimal detection accuracy. The valuation model 
of the medium transmission rate can be constructed:  
 

 
(x) 1 N

N

K N
t

K

−= − , (6) 

 

where (x)t  is the atmospheric medium transmission 

rate e dβ− , NK  is n times the optical range of 

visibility meter, n is usually 2-8. For the visual range 
of vehicles on the highway, n can generally be 1.5-3. 

We can learn from formula (6): when NN K→ , 

lim (x) 1t → . Otherwise, lim (x) 0t → . Take 

formula (5) into formula (6), then we can get: 
 

 3.912
(x)

N wu

t
K σ

= , (7) 

 
where NK  is 2000 m, the relationship between (x)t  

and wuσ  is just as Fig. 3. 

It totally coincides with the curve in Fig. 2 
because that formula (6) defined the range of 
valuation model (x)t  in mathematics while 

formula (5) defined the relation between (x)t  and 

atmospheric extinction coefficient in physics. 
 
 

 
 

Fig. 3. Curve relationship with Atmospheric medium 
transmission rate and the extinction coefficient. 

 
 

Because the extinction coefficient reflects the fog-
haze concentration, the relationships in Fig. 2 and 
Fig. 3 are not only reflected in the fog-haze weather, 
but also in rain and snow, just as the statistical 
curve [7] in Fig. 4. 

 
 

 
 

Fig. 4. Curve relationship with intensity (rainfall and snowfall) and visibility. 
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However, (x)t  can’t be directly applied to 

formula (4) because it is a calculated value, instead of 
a contrast metric value. Therefore, we propose based 
on the atmospheric transmission medium valuation 
formula of the dark channel. 
 
 
4. Calculate the Medium Transmission 

Rate Based on Dark Primary  
Color Theory 

 
He Kiming and others put forward the Dark 

Channel Prior Theory [8]. They tried to get the fog-
haze concentration by the dark channel. According to 
their theory, a picture can be defined as follows: 
 

 min(minJ (x))C
darkJ = , (8) 

 
where {R,G,B}C ∈ , JC  is one of the three image 

channels RGB, (x)x ∈Ω , (x)Ω  is the local image 

centered around x, so formula (8) is the darkest 
image channel and darkJ  is the channel image with 

the lowest brightness in the area. From large analysis 
of the three color channels, it shows that the 
brightness of at least one channel is very low, 
sometimes, even tends to zero. It’s the visual shadow 
or shading in physics. So darkJ  is called dark channel 

of scene image J, also known as dark primary  
color image. 

Due to the atmospheric light, fog-haze image is 
more bright than that without fog-haze when e dβ−  is 
low. The dark primary image is brighter in thick fog. 
And statistics show that the luminance difference is 
close to the thickness of the fog-haze in the image. So 
we can estimate transmission rate and the entire 
atmospheric light. 

Assuming that one of the three colors light I∞  is 
CA , the valuation model of atmospheric 

transmission rate (x)t  can be [5]: 

 
 (y)

(x) 1 min(min( ))
C

C

E
t

A
Δ = − , (9) 

 
where (x)y ∈Ω . In the formula (9), the second on 

the right side is black channel of the image, it provide 
a direct transmission rate valuation so that we can 

calculate 0(x)tΔ  which is the initial value of (x)tΔ  

in the initial frame of video image. Assuming that the 

initial measured value of transmission rate is 0(x)t , 

the image contrast metric value is (x)BtΔ , we can 

conclude: 
 

 
0

0

(x)
(x) (x)

(x)B

t
t t

t

Δ=  , (10) 

Thus, by formula (5), (7), (9) and (10), the image 
pixel contrast measured factor can be obtained 
according to real-time visibility, instead of the time-
consuming calculations in each video image 
processing cycle. 
 
 

5. The Dehazing Algorithm Design about 
Video Image 

 
Described in the previous section, the luminance 

difference of the black channel is close to the 
thickness of the fog-haze in the image, we can 
estimate the entire atmospheric light by the black 
channel. Usually, select a small part (such as 0.1 %) 
of the brightest areas in the black channel, and put 
these pixels into the corresponding location, then 
choose the highest brightness as the estimating 
atmospheric overall light [5]. 

After getting the valuation we can remove the 
fog-haze in the image by formula (4), (6), (9) and 
(10). Its process is shown as Fig. 5.  
 
 

 
 

Fig. 5. Algorithm process about the video image method  
to reduce fog. 

 
 

This algorithm reduces the time greatly. In 
addition, the dehazing effect and video image fluency 
are both improved obviously. 
 
 

5. Simulation and Conclusion 
 

The method proposed in the paper has been 
verified with simulation to different images by 
MATLAB. And SWS-200 scattering detector of Biral 
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company is chosen. Relationship between its optical 
visual range and extinction coefficient can be taken 

as: 2.996MOR EXCO= . The result is shown as 

Fig. 6, and the processing speed is up to 30 frames 
per second. In Fig. 6, the fog-haze is divided into 
three kinds: mist, moderate and dense. The first line 
is the original fog-haze image, the second is the 

image after dark channel processing, and the third is 
the image after defogging restoration.  

So we can conclude that the dehazing effect is 
obvious after fog removal, and the best ranging at the 
visibility is from 150 m to 300 m. At the same time, 
we can know from Fig. 4 that the method can also be 
applied to the rapid restoration of degraded image in 
the rainy and snowy weather. 

 
 

 
 

Fig. 6. Simulation results about reduce fog program. 
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Abstract: Nowadays there are problems such as neglected loading and mistaken loading of cannonball fuze in 
practical manufacture. If the workers redetect them, they should knock down the cannonball one by one, but it is 
inefficiency and dangerous. In this paper it introduces a system that detects and judges automatically the loading 
of cannonball fuze based on computer aid technique, image processing technique. The productivity is improved. 
The software of the system is developed by Visual C++. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

The computer aid detection technique is widely 
used in industrial production and detection. The 
detection of finished product and substandard goods 
in production line largely depend the development of 
image processing technique. Now it is widely used to 
detect by manual working through eye-measurement. 
This method has strong subjectivity and high 
erroneous judgments’ rate. And the workers’ eyes 
easily feel tired so as to lower detection rate. But with 
the computer aid technique to realize the 
intelligentized detection, erroneous judgments’ rate 
could be lower, productivity could be increased and 
the product costs could be reduced [1, 3, 5]. 

Nowadays there are problems such as neglected 
loading and mistaken loading of cannonball fuze in 
practical manufacture. If the workers redetect them, 
they should knock down the cannonball one by one, 
but It is inefficiency and dangerous. It is useful to 
reduce the workload of the workers, to increase the 

work efficiency and to better the conditions of the 
workers.  

In this paper it introduces a cannonball fuze 
image processing system based on computer aid 
technique, image processing technique. It detects and 
judges automatically the loading of cannonball fuze 
and give the detect result. At the same time,  
it enlarges the use of computer aid image  
processing technique. 
 
 

2. The Introduction of the Cannonball 
Fuze Image Processing System 

 
The cannonball fuze image processing system is 

used to detect the loading in cannonball fuze. The 
flow is that after taking pictures of the detected 
cannonball, the pictures are inputted to the system by 
program interface. Then the processed image features 
are chosen by the system. The chosen features are 
compared through pattern recognition and then to 

http://www.sensorsportal.com/HTML/DIGEST/P_2569.htm
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detect the image. At last the system records the 
detected result to let people analyze and use. The 
processing flow is as Fig. 1. Here it does not 
introduce the image collecting part any more [4]. 
 
 

 
 

Fig. 1. The function of cannonball fuze image  
processing system. 

 
 

It chooses the open operation, close operation, 
peak threshold subdivision, outline extracting, 
boundary detection, and statistics pattern recognition 
as the image processing and recognition technique. 
 
 
2.1. The Image Processing Module 
 

It processes the collected target images to be more 
suitable for comparison so as to improve the 
detection and judgment accuracy rate of the system. 
It uses the methods of open operation and close 
operation to preprocess the detected images.  
 
 
2.2. The Feature Extracting Module 
 

Based on peak threshold subdivision and outline 
extracting, it extracts information from the target 
images to use in pattern recognition. It extracts the 
physical dimension and gray level characteristic 
parameters of the specified location from images of 
the cannonball fuze loading correctly. And it  
detects the images by reference to the  
characteristic parameters.  
 
 
2.3. The Image Detection Module 
 

It detects the cannonball fuze loading by 
comparing the physical dimension and gray level 
characteristic parameters of the target images. 
 
 
2.4. The Result Record Module 
 

It marks the abnormal images, counts the 
detection result at last, outputs and displays the 
result. According to this, the workers could check the 
number of the cannonball, find the abnormal 

cannonball fuze loading. And it could judge the 
quality of the workers. 
 
 
3. The Implement of the Cannonball 

Fuze Image Processing System 
 
3.1. The Image Processing Module 
 

In reality, during the procedure of form, transfer, 
accept and process, the acquired images could be 
disturbed outside or inside unavoidably. For example, 
the heterogeneity of sensor’s sensitivity during the 
light changes to electricity, the quantization noise 
during digitization, the error and human factor during 
transfer, and so on, could all lead to a certain extent 
noise disturb. The noise makes the quality of the 
image worse, the image vague, feature drowned, so 
that it is difficult to analyze. So, it is important in the 
image processing to remove the noise and recover the 
original image. 

It processes the acquired image using open 
operation or close operation according to different 
conditions in the image processing module. Then the 
image is more suitable to compare so as to improve 
the detection and judgment accuracy rate of  
the system.  
 
 
3.1.1. The Design of Image Open Operation 
 

The comparison procedure of erosion first and 
then expansion is called open operation. After open 
operation, the original image could remove isolated 
small dots, spikes and propons, remove wisp, smooth 
the boundary of large object. And at the same time it 
does not change the area obviously. 

The flow of open operation is as Fig. 2. 
 
 

 
 

Fig. 2. The flow of open operation. 
 

Acquire the top address, height and width 
of the original image. 

Call the erosion function to do erosion 
process to the image. 

Call the expansion function to do 
expansion process to the image after 

erosion. 
  

Acquire the image after open operation 
process. 

The 
image 
processin
g module 

The 
feature 
extracting 
module 

The 
image 
detection 
module 

The cannonball fuze image processing system 

The 
result 
record 
module 
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3.1.2. The Design of Image Close Operation 
 

Close operation is a procedure of expansion first 
and then erosion. It is used to fill the small hole in 
object, connect near object, smooth its boundary. 
And at the same time it does not change the area 
obviously. 

The flow of close operation is as Fig. 3. 
 
 

 
 

Fig. 3. The flow of close operation. 
 
 
3.2. The Feature Extracting Module 
 

Based on peak threshold subdivision and outline 
extracting, it extracts information from the target 
images to use in pattern recognition. 
 
 
3.2.1. The Design of Peak Threshold 

Subdivision 
 

The operation staff could choose suitable 
threshold by drawing grey histogram of the target 
image. The system does subdivision process to the 
target image according to the selected threshold. The 
key point of subdivision is to determine the threshold. 
If we could define a suitable threshold we could 
subdivide the image correctly. After defined the 
threshold, compare the threshold with the grey level 
of the pixel value could be processed parallel with 
grey level subdivision. The subdivision result could 
directly show the image area. The flow is as Fig. 4. 
 
 
3.2.2. The Design of Contour Extracting 
 

It extracts the geometry feature of the target 
image so as to compare and recognize.  

The contour judge rule is that read the eight 
neighborhood pixel value of the pixel dot into an 
array. If the difference between the grey value of 
every neighborhood pixel and the grey value of 

centre point is less than 10, then consider the 
neighborhood pixel is equal to the centre point. If all 
the eight neighborhood pixels are equal to the centre 
point, set white to the pixel dot in the memory, 
otherwise keep it the same. The flow of contour 
extracting is as Fig. 5. 
 
 

 
 

Fig. 4. The flow of peak threshold subdivision. 
 
 

 
 

Fig. 5. The flow of feature extracting. 

Acquire the top address, height and width 
of the original image. 

Call the expansion function to do 
expansion process to the image. 

Call the erosion function to do erosion 
process to the image after expansion. 

Acquire the image after close operation 
process. 

Acquire the top address, height and width 
of the original image. 

Open an internal memory, save the 
original image pixel level into it. 

Judge every pixel dot of the original 
image according to the contour judge. 

rule. 

Repeat the last step to every pixel. 

Copy the data in memory to the original 
image. 

Acquire the top address, height and width 
of the original image. 

Open an internal memory, initialize it to 
255. 

Count the grey level of the image, show 
the grey histogram. 

Choose a peak as threshold through the 
dialog box. 

The difference between grey level of 
pixel and threshold less than 30, then set 

the pixel level as 0, otherwise 255. 

Copy the result to the original image data 
area. 
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3.2.3. The Design of Boundary Tracking 
 

It extracts the geometry feature of the target 
image so as to compare and recognize. Boundary 
tracking could describe the geometry feature more 
accurately than contour extracting does. 

The method of boundary tracking uses a set of the 
image as input, and outputs an ordered border set. 
Boundary tracking determines whether a pixel dot is 
a boundary or not based on all information of  
an image. 

The flow of boundary tracking is as Fig. 6. 
 
 

 
 

Fig. 6. The flow of boundary tracking. 
 
 

3.3. The Image Detection Module 
 

It can be learned from test that after image 
through peak threshold subdivision, the circular hole 
of the abnormal loading fuze is more smooth and 
regular than that of normal loading fuze, and the 
shape is closer to circle or oval. So, here the 
morphology feature of the hole could be used to 
identify the abnormal loading cannonball fuze. The 
system uses a structure of layering and classification. 
The morphology classify is the first step to do 
classify process, that is broad classification. Through 
broad classification, the majority of normal loading 
cannonball fuze could be removed, while keeping 
less suspicious images to be identified later by 
human. By this way the identify efficiency of the 
system improves efficiently. 

In this method, the main morphology feature of 
the hole includes the area (A) of the hole, 
roundness (C), rectangularity (R) and elongation (E). 
When get the four morphology feature above, it uses 
the way of boundary tracking to the two-valued 
subdivision image, get its chain code so as to get its 
morphology feature. 

The perimeter of the circular hole area circled by 
chain code, that is the length of the chain: 
 

 2no+= neL , (1) 
 

In (1) ne represents the even level chain number, 
no represents the odd level chain number.   

The roundness of the circular hole area:  
 

 C=4ΠA/L×L, (2) 
 

The roundness describes the deviation scale 
between the circular hole area and circle. At the same 
area, if the boundary of the circular hole area is 
smooth and is circle, then the perimeter is the 
shortest, the original roundness C is 1. The more 
deviated of the circular hole area to circle, the least 
the C is. 

The rectangle level of the circular hole area: 
 

 R A/ (W H)= × , (3) 
 

where W is the width, H is the height. The 
rectangle level describes the deviate of circular hole 
area to rectangle. When circular hole area is 
rectangle, then R is the maximum value 1. 

The elongation of the circular hole area: 
 

 H)(W,max  / H)(W,min =E , (4) 
 

The more longitypical the circular hole area is, 
the least the E is. When the circular hole area is 
circular is 1. 

After the system has learned many times and got 
correct data of the parameters above, when identifies 
the target images, most of the abnormal images could 
be identified and the system will point out a warning. 
Then the workers will identify the second time to 
determine at last if the loading image is abnormal  
or not. 
 
 
3.4. The Result Record Module 
 

The function of the result module is to divide the 
processed images into two parts, one is normal 
loading and the other is abnormal loading, and then 
saves the images into two different folders. After the 
workers have identified all the images, they will 
check the corresponding cannonball according to the 
serial numbers of the images saved in the abnormal 
folder, and then do poorly done work over again. 
 
 

4. The Result of the System 
 
4.1. The Original Image of the Cannonball 

Fuze 
 

The X-ray image of the cannonball loading fuze is 
as Fig. 7. From Fig. 7 we could know clearly the 
image of normal loading and abnormal loading.  

Acquire the top address, height and width of the 
original image. The background of the original 

image must be white. 

Open an internal memory, initialize it to 255. 

Binaryzation process to the image. 

Tracking boundary dots, whenever find a boundary 
dot, set 0 to the relevant position of the dot in 

memory. 

Repeat the last step according to the tracking rule, 
until back to the initial point. 

Copy the data in memory to the original image.  
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Fig. 7. The contrast X-ray of the cannonball fuze loading. 
 
 
4.2. The Result of Image Processing Module 
 

The image after open operation will remove 
isolated dots, spike and ponticulus (small dot connect 
two areas).The image after open operation is shown 
in Fig. 8.  

The image after close operation will fill the small 
hole in object, connect near object and smooth the 
surface of the image. is shown Fig. 9. The image after 
close operation is shown in Fig. 9. 
 
 

 
 

(a) unloading 
 
 

 
 

(b) loading 
 

Fig. 8. Image after open operation. 
 
 
4.3. The Result of Feature Extracting Module 
 

Statistic the grey level of the image and draw the 
histogram of the image according to the grey level 

information. The workers chose the suitable threshold 
based on the histogram. 

After the peak threshold split image is processed, 
the morphologic feature will be shown. So the system 
could get the relevant morphologic feature of the 
image, as Fig. 10. 

After contour extracting image is processed, the 
morphologic feature will be shown. So the system 
could get the relevant morphologic feature of the 
image, as Fig. 11. 

After boundary tracking image is processed, the 
morphologic feature will be shown. So the system 
could get the relevant morphologic feature of the 
image, as Fig. 12. 
 
 

 
 

Fig. 9 (a). Image after close operation: unloading 

 
 

 
 

Fig. 9 (d). Image after close operation: loading. 

 
 
4.4. The Image Detection Module 
 

After lots of identify training, the result of the 
detecting target image is as Fig. 13. 
 
 
4.5. The Result Record Module 
 

The identified image is saved into two different 
folders for the workers to check later. The whole 
system is developed by VC++, we will not introduce 
the detailed code here [2]. 
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(a) unloading 
 
 

 
 

(b) loading 
 

Fig. 10. Image after peak threshold split. 
 
 

 
 

(a) unloading 
 
 

 
 

(b) loading 
 

Fig. 11. Image after contour extracting. 

 
 

(a) unloading 
 

 
 

(b) loading 
 

Fig. 12. Image after boundary tracking. 
 
 

 
 

Fig. 13. The detecting result. 
 
 

5. Conclusion 
 

It uses the X-ray technique to take a picture of the 
detected cannonball, and get the X-ray image. The 
image is processed through computer aid image 
processing technique and pattern recognition 
technique, and then to detect the loading situation of 
cannonball fuze.  

It realizes the detection of cannonball fuze 
loading based on computer aid image collecting, 
image processing, image identifying, image 
comparison technique. Thus it could solve quickly 
and safely the problems that often appear in industry.  
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Abstract: Image quality assessment has been attracting growing attention at an accelerated pace over the past 
decade, in the fields of image processing, vision and machine learning. In particular, general purpose blind 
image quality assessment is technically challenging and lots of state-of-the-art approaches have been developed 
to solve this problem, most under the supervised learning framework where the human scored samples are 
needed for training a regression model. In this paper, we propose an unsupervised learning approach that work 
without the human label. In the off-line stage, our method trains a dictionary covering different levels of image 
quality patch atoms across the training samples without knowing the human score, where each atom is 
associated with a quality score induced from the reference image; at the on-line stage, given each image patch, 
our method performs group sparse coding to encode the sample, such that the sample quality can be estimated 
from the few labeled atoms whose encoding coefficients are nonzero. Experimental results on the public dataset 
show the promising performance of our approach and future research direction is also discussed.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Image quality assessment, Group sparse coding, Regression model, Supervised learning, Sparse 
dictionary. 
 
 
 
1. Introduction 
 

With the massive generating of the digital images 
from the ubiquitous use of digital imaging devices, 
various levels of quality images are becoming 
available. These images are either corrupted by 
imaging noise, motion blur, or the compression from 
storage and transmission, such as the JPEG, 
JPEG2000 etc. And it is exciting to observe the 
continuous technical progress [1, 2, 4-13] and the 
publicly released benchmark datasets [3, 6, 9] over 
the past decade in this area which motivates the work 
of this paper.  

In the literature, a considerable number of IQA 
algorithms have been proposed, which exhibit 

substantial diversity in the methodologies and 
contexts being used. From the purpose point of view, 
the existing methods can be classified into two 
categories [12]: application-specific methods and 
general-purpose methods. The former one considers 
the characteristics of a known and fixed type of 
distortion e.g., JPEG compression, and achieves 
satisfactory results by quantifying the particular 
distortion. Saad et al [7, 8] first determine the 
distortion type of a test image, and then employ an 
associated distortion-specific quality metric to predict 
the quality of the given image. And the images 
features can be extracted which is fed into  
the regression model to estimate the  
subjective quality rate.  

http://www.sensorsportal.com/HTML/DIGEST/P_2570.htm
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In this paper, we present a two-step method for 
general-purpose image quality assessment, with the 
full access to the reference image while without 
knowing the human score. The key novelty lies in the 
design of group-sparse coding mechanism to encode 
the image quality using a pre-trained dictionary 
covering different levels of distortions. More 
specifically, we trained a quality-aware dictionary 
using distorted image and the perfect reference one 
which accounts for different levels of distortion, and 
then weight differential mean assignment scores by 
the sparse coding coefficients to obtain the final 
visual quality values.  

The proposed method is thoroughly validated on 
the CSIQ database [3]. The experimental results 
demonstrate that our method can produce promising 
prediction consistent with the subjective quality, and 
achieved competitive results with the state-of-the-art 
algorithm [12]. 

The rest of the paper is organized as follows. 
Related works are discussed in Section 1. Quality-
aware dictionary training is introduced in Section 2. 
Section 3 details the proposed group-sparse coding 
methodology and quality prediction system. And 
experimental results are given in Section 4. Section 5 
concludes this paper. 
 
 
2. Quality-aware Dictionary Learning 
 
2.1. Data Preparation 
 

Our method starts with directly estimating the 
quality on image patches for blind image quality 
assessment. And the whole-image quality is 
generated by pooling the patch-wise qualities. To this 
end, a set of perfect reference images and the 
associated distorted images are required. In this 
paper, four types of distortions are included: 
Gaussian noise, Gaussian blur, JPEG compression 
and JPEG2000 compression. For each image, we 
generate its distorted versions of each type on 5 
quality levels by controlling the noise standard 
deviation (for distortion of Gaussian noise), the 
support of blur kernel (for distortion of Gaussian 
blur), the resulted quality level (for distortion of 
JPEG compression) and the compression ratio (for 
distortion of JPEG2000 compression), respectively. 
Finally, we obtain a dataset of 120 distorted images 
and 10 reference images. 
 
 
2.2. Patch Quality Generation 
 

Let ir  denote the patch of the reference image, 

and id  the corresponding distorted version. We are 

motivated to calculate the similarity between ir  and 

id  such that the perceptual quality can be estimated. 

We chose the FSIM metric [14]: 
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where PC  is the phase congruency [12] and G  is 

the gradient magnitude at the center of 
i

r ,  

respectively, and 1t  and 2t  are the positive constants 

for numerical stability. 
We also perform the normalization step as the 

post-processing on iq  as in [12] based on the 

observation that the mean values of the lowest 10 % 
predicted quality scores shows much better linearity 
to the human subjective scores. In particular, we 

divide is  by a constant C  such that the average 

quality of all patches in an image will equal to the 
percentile pooling result:  
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where ω  denotes the set of patch indices of an 

image, and pω  the set of indices of the 10 % lowest 

quality patches. C  serves as a factor of the 
normalization to reduce the bias. By doing so, we 

obtain the quality score at the patch level iC  

between [0,1], which is associated with each distorted 

image patch id . 
 
 

2.3. Quality-aware Dictionary Learning 
 

After obtaining the patch quality measurement Ci 
from each image, we uniformly quantize the patch 
into L levels. And then clustering 1 is performed to 
each quantized group whose quality is set from 0 
to 1. It is called such procedure as quality aware 
clustering in [12]. 

To guide the clustering procedure, we use a high 

pass filter to extract the structural feature of id :  
 

 2

0 2

1
1

22
( ) exp( )

s

s
h sσ σπσ== − − , (3) 

 

where s  is the radius of the filtering window. By 
convoluting h over the images, the detailed structures 
will be enhanced. In particular, three scales  
(σ  = 0.5, 2.0, 4.0) are chosen to be concatenated to 

form the feature instance 
i

f  for clustering and 

Euclidean distance is used to measure the distance 
between two feature instances. In this paper, we set 
quality group level up to L = 10 and cluster centroid 
number as K = 30 in each quality group. Fig. 1 
illustrates three clusters of patches on the worst 
quality level and the best quality level respectively. 
The summary of the offline clustering process is 
described in Algorithm 1. 
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Algorithm 1. Quality-aware dictionary training 
using un-scored training samples. 

Input: A set of reference images and the distorted 
versions at different levels. 
Output: A quality-aware dictionary. 
Step 1: Calculate the similarity between the 
distorted image patch and the perfect version, 
which is regarded as the quality approximation. 
Step 2: Divide the distorted samples into multiple 
levels and perform clustering within each quality 
level to construct a quality-aware dictionary. 

 
 

3. Quality-aware Group-sparse Coding 
 

3.1. Sparse Coding 
 

Given the trained quality-aware dictionary 
consisting of various quality levels atoms, we are 
motivated to perform sparse coding to discover the 
most relevant atoms with the test image patch. 
Specifically, we transform the image patch into 
feature space as a linear combination of sparse 
coding basis functions i.e. the dictionary atoms. 
Sparse modelling is one of the most successful recent 
signal processing paradigms. The basic idea of sparse 
coding is simple: a vectorized image patch x  can be 
represented in terms of a linear superposition of  

basis ic : 
 

 


=

==
n

i
ii rCcrx

1

* , (4) 

 

where C denotes the quality aware basis dictionary. 
In [5], this model is introduced as a possible 
explanation of the emergence of orientation selective 
cells in the primary visual cortexV1; the matrix 
representing C  corresponds to neural connections. 
 
 

3.2. Group Sparse Coding 
 

Since the given image patch is assumed at a 
certain quality level and shall be mainly correlated 
with a few clusters aggregating at a certain quality 
range, rather than evenly (and sparsely) correlated 
with all quality levels. This observation motivates us 
to enforce the encoding coefficients have a grouping 
of its components, and the components within a 
group are likely to be either all zeros or all nonzeros. 
A favorable approach in the literature is to use the 

mixed 1,2l -regularization. In general the un-weighted 

unconstrained form is: 
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where ig  is the index set corresponding to the i -th 

group for a subset of the coefficients of r . In our 
case, the subset is non-overlapped in the sense that 
quality level has no overlap regarding clusters. Given 
such formulation, we perform the new alternating 
direction method (ADM) algorithm to obtain the 
group-sparsity coefficient vector r . Compared with 
the simple nearest neighboring method, and sparse 
coding mechanism, the group-sparsity model is 
believed to capture the quality pattern more robustly 
and compactly. The algorithm of our approach is 
detailed in Algorithm 2. 
 

Algorithm 2. Quality-aware group sparse coding for 
test image quality assessment. 
Input: the test image and the learned quality-aware 
dictionary. 
Output: The quality assessment rate with the test 
image. 
Step 1: Perform group sparse coding to obtain the 
nonzero entries associated with the dictionary atoms 
at different quality levels. 
Step 2: Obtain the patch quality score by weighting 
over the nonzero entries and the atoms. 
Step 3: Perform weighted pooling to obtain the final 
whole-image quality rate from patch-wise quality 
predictions. 
 
 

3.3. From Patch Quality to Image Quality  
by Weighted Pooling 

 

There exist many pooling strategies such as max 
pooling and pooling of percentile, which is also 
widely applied in other image research topic such as 
deep convolution networks. We adopt a very simple 
weighting strategy to obtain the final image-wise 
quality prediction from the patch-wise quality 
predictions: 
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where l  denotes the quality level from 1 to 10, and 

ig  denotes the within quality group of the size 30. 

The first equation calculate the patch-wise quality as 
weighed by the encoding coefficients associated with 
the L = 10 × K = 30 atoms of the given dictionary. 
And the second equation calculates the image-wise 
quality by averaging all patches of the image. 
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4 Experimental Results 
 
4.1 Experimental Protocol 
 

The performance of the proposed approach is 
evaluated regarding its prediction capability for 
subjective ratings of image quality. A subjective 
quality/distortion score, i.e., the mean opinion score 
(MOS) or difference mean opinion score 
(DMOS) [10], is assigned to validate the algorithms. 
The database used in our experiment is from 
CSIQ [3]. The CSIQ database is composed of 
30 original images and their distorted counterparts by 
using six types of distortions on five different 
distortion levels. To evaluate the performance, two 
correlation coefficients between the prediction results 
and the subjective scores are adopted: the Spearman 
rank order correlation coefficient (SROCC), which is 
related to the prediction monotonic, and the Pearson 
correlation coefficient (PCC), which is related to the 
prediction linearity. A good BIQA method will 
demonstrate a big (close to 1) correlation coefficient 
with the subjective score MOS or a small (close  
to -1) correlation coefficient with DMOS. 
Specifically, in this paper, we adopt the DMOS score 
as provided by the used database.  

For illustration, Fig. 1 plots the scatter 
distribution for the prediction quality score and the 
DMOS values on CSIQ database. 

 
 

 
 

Fig. 2. DMOS vs. Predicted quality scatter plot for JPEG, 
JPEG2000, AWGN and Gaussian Blur. A linear correlation 

is presented. 

 
 

4.2. Performance Evaluation 
 

In the implementation, we partition the 
130 training images into overlapped patches of size 
8×8. In total, 161,181 patches are extracted for 

training. In feature extraction, we set the three scales 
of high pass filters as σ  = 0.5; 2.0; 4.0. For 
clustering, we quantize the quality into L = 10 levels; 
that is, lq  is from 0.1 to 1 with step length 0.1. On 

each quality level, K = 30 clusters are clustered by 
using the clustering algorithm. Examples of the 
atoms consisting of the quality-aware dictionary are 
illustrated in Fig. 2.  

We evaluate our method with the state-of-the-
art [12] whose parameters are set strictly according to 
the original paper. The experimental results in terms 
of SROCC are reported in Table 1. Note that both 
two evaluated methods do not need the human scored 
images for learning. As observed from the table, our 
method performs competitively with the state-of-the-
art [12] on the CSIQ dataset. 
 
 
Table 1. The SROCC comparison between the proposed 
method and the QAC method [12] learning from human 
scored images on CSIQ database[3]. AWGN denotes 
additive white Gaussian noise, GB denotes Gaussian blur, 
and JP2K denotes JPEG2000 compression. 

 

Distortion QAC Proposed method

JP2K 0.8645 0.8681 

JPEG 0.8774 0.8703 

AWGN 0.8232 0.8198 

GB 0.8187 0.8283 

 
 
5. Conclusion and Future Work 
 

We propose a new method by combining the 
layered dictionary with the sparse coding mechanism 
to predict the subjective image quality metrics. The 
key novelty lies in the design of sparse coding 
mechanism to encode the image quality using a pre-
trained dictionary covering different levels of 
distortions. Overall, the proposed approach provides 
a fast and robust performance for image quality 
assessment. One interesting future research point is 
how to generate the final quality measurement of  
the test image given the estimated quality of each 
image patch. 
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(a) quality=0.1; sigma=0.5 
 

(b) quality=0.1; sigma=2. 
 

(c) quality=0.1; sigma=4. 

  
 

(d) quality=0.5; sigma=0.5 
 

(e) quality=0.5; sigma=2. (f) quality=0.5; sigma=4. 

  
 

(g) quality=1; sigma=0.5 
 

(h) quality=1; sigma=2. 
 

(i) quality=1; sigma=4. 
 

Fig. 2. Trained dictionary across 10 quality levels: level 0.1, 0.5 and 1.0 are illustrated  
at three filtering scales: 0.5, 2, 4 respectively. 
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Abstract: The emerging high-efficiency video coding standard employs a new coding structure characterized by 
coding unit, prediction unit and transform unit. It improves the coding efficiency significantly, but also 
introduces great computational complexity on the decision of optimal coding unit, prediction unit and 
transforms unit sizes. To reduce the encoding complexity, a fast adaptive coding unit depth range selection 
algorithm is proposed. In the proposed scheme, first of all, the average depth error between adjacent and their 
co-located largest coding unit are utilized to determine depth range of current largest coding unit. And then, 
depth scaling factor in the previous and back frame are obtained to shrink the depth range. Furthermore, we also 
propose a depth range correction algorithm for reducing misjudgment of changes in the larger sequences. 
Experimental results show that the former algorithm can save encoding time of about 10% more than Shen’s 
algorithm with a BD-bitrates loss of 0.81 % and a BD-PSNR loss of 0.026 dB. Correction algorithm can save 
same encoding time of Shen’s algorithm with a BD-bitrates lowering 0.76 % and a BD-PSNR improvement of 
0.028 dB.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: HEVC, Depth range, Average depth error, Depth scaling factor, Temporal-spatial similarity. 
 
 
 
1. Introduction 
 

Currently, the content growth of high definition 
(HD) and the HD broadcasting service are offering 
uses to enjoy high quality and high resolution. In the 
future, the content growth of ultra high definition 
(UHD) and the UHD broadcasting service [1-4] also 
will be offered to users following the demands to 
needs for higher quality and higher resolution. 
However, MPEG-2, MPEG-4 and H.264 have a 
difficulty to meet above requirements. Therefore, in 
January, 2010, Video Coding Experts Group (VCEG) 
and ISO/IEC (MPEG) founded a Joint Collaborative 
Team on video coding to develop the next generation 
video coding standard, namely High Efficiency 

Video Coding (HEVC) [5] which aims to further 
reduce bit rate in half with the same reconstructed 
video quality compared with H.264 [6]. While HEVC 
took recursive quad-tree structured [7] coding unit 
(CU) which makes HEVC coding more efficient, but 
it also makes the HEVC have several times higher 
complexity. 

There have been extensive researches on reducing 
HEVC computational complexity. Li [8] et al. 
employed spatial similarity to predict depth range of 
current largest coding unit (LCU), but it had a 
limitation on time saving because at least three 
depths were needed to traverse. Shen [9] et al. 
utilized temporal-spatial similarity to predict depth 
range of current LCU through assigning weights for 

http://www.sensorsportal.com/HTML/DIGEST/P_2571.htm

http://www.sensorsportal.com
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adjacent LCU and co-located LCU in the previous 
frame. Although the method could reduce candidates 
of CU depth, it needed some improvement because of 
regardless of difference of video sequence. Fixed 
weights were not suitable for all sequences. In 
addition, Kim [10] et al. employed a threshold which 
was obtained by Bayesian theory training to 
terminate CU splitting process and Yu [11] et al. also 
terminated CU splitting process through mean 
squared error. 

This paper proposes a fast adaptive CU depth 
range selection algorithm which improves Shen’s 
method. We assign weights adaptively according to 
average depth error between adjacent and their co-
located LCU for predicting depth range of current 
LCU accurately. Then, depth scaling factor in the 
previous and back frames are utilized to shrink depth 
range (DR) thus reducing computational complexity 
continue. Finally, we put forward a correction 
algorithm (CA) based on linear weighted for depth 
scaling factor. The CA can achieve higher 
performance than Shen’s method. 

The paper is organized as follows. In the next 
section, the complexity problem in CU splitting 
process is analyzed. In Section 3, the proposed 

method is described in detail. Section 4 shows the 
corresponding experimental results. Finally, we 
conclude this paper in Section 5. 
 
 
2. Computational Complexity Problem 
 

In HEVC, every CU will be split into four equal 
sub-CUs through recursive method. The size of sub-
CU is 32×32, 16×16 or 8×8. The final segmentation 
result is determined by rate-distortion function [12]. 
Fig. 1 shows the segmentation process. The rate-
distortion function is defined [13] as follows: 
 

 BSSEwSSEJ chromachromaluma ×+×+= λ , (1) 

 
where B represents necessary bits after predicting for 
current CU, lumaSSE  and chromaSSE  is the sum of 

square error between original block and reconstructed 
block about luminance and chroma respectively, 

chromaw  is the weight of chroma and λ  is the 

Lagrange multiplier. 
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N N×

2N N× 2N N×

2N nU× 2N nD× 2nL N× 2nR N×

 
 

Fig. 1. CU splitting process in HM. 
 
 

In HM, the CU is of four different possible sizes: 
64×64, 32×32, 16×16 and 8×8. Each LCU can be 
split into four CUs recursively up to the maximum 
allowable hierarchical depth. CU splitting process in 
HM about a LCU is shown in Fig 1. Firstly, HM 
codes current 64×64 LCU and calculates rate-
distortion cost. Then, it splits LCU into four sub-CU 
which depth is one and calculates rate-distortion cost 
of the first sub-CU. When depth is two or three, HM 
do the same process until the depth reaches three. 

Finally, HM starts recursion from depth 3 to depth 0. 
For instance, if four 8×8 sub-CU block’s rate-
distortion cost is less than rate-distortion of  
16×16 CU, HM chooses 8×8 CU, otherwise choosing 
16×16 CU. At the same time, the leaf node CUs can 
be further split into predicting unit (PU)s. PU is the 
basic unit for prediction and it allows multiple 
different shapes to encode irregular image patterns as 
shown in Fig 1. The transform unit (TU) is defined 
for residual transform and quantization. From the leaf 
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node of CU, the TU can be split into four sub-TUs 
recursively until the minimal allowable TU depth, 
and signaled by a flag. 

As analyzed above, HEVC performs full search 
on all possible CU size, mode and TU size by 
evaluating the rate distortion (RD) cost. Therefore, it 
results in a substantial computational complexity of 
HEVC about inter frame.  
 
 

3. Proposed Method 
 

In this section, a fast CU size decision algorithm 
based on temporal-spatial similarity and quad-tree 
coding structure is described, including adaptive CU 
depth range selection algorithm and correction 
algorithm. We start with statistical analysis for 
temporal-spatial similarity, which provide useful 
guidelines for assigning weights. We utilize average 
depth error (ADE) which is defined by previous 
frame and current frame to assign weights for co-
located LCU and adjacent LCU in order to get 
predicting depth range. Then, we can continue shrink 
depth range according to depth scaling factor in the 
previous and back frames. Finally, for reducing 
misjudgment of changes in the larger sequences, a 
correction algorithm is proposed. 
 
 

3.1. Statistical Analysis for Temporal- 
Spatial Similarity 

 

HEVC utilizes quad-tree structure and CU depth 
to decide segmentation after traversing every depth in 
the [0,3]. However, we can reduce computational 
complexity through predicting DR in advance thus 
skipping unnecessary depth. This paper utilizes 
temporal-spatial similarity to predict DR type of 
current LCU. We define ADE according to Fig. 2 for 
utilizing temporal-spatial similarity accurately. The 
ADE is defined as follows 

 2/)( TADELADEADE += , (2) 

 
where LADE is average depth error between Left 
LCU and CLeft LCU, TADE is average depth error 
between Top LCU and CTop LCU. 
 
 

 
 

Fig. 2. Temporal-spatial similarity of LCU. 
 
 

As we know, DR type of current LCU is similar 
to adjacent LCU and co-located LCU in the 
reference. We should define temporal similarity 
factor (TSF) and spatial similarity factor (SSF) in 
order to obtain relationship between ADE and 
temporal-spatial similarity. The TSF and SSF are 
defined as follows: 

 

 iii NnumTSF /= , (3) 
 

 iii NnSSF /= , (4) 
 

where i represents interval of ADE, with 0 standing 
for [0, 1], 1 for [1, 2] and 2 for [2, 3]. inum  is the 

4×4 number of equal depth in the interval, in is the 

number of equal average depth in the interval, iN  is 

the total 4×4 number of interval. The temporal-spatial 
similarity results are demonstrated in Table 1. 

 
 

Table 1. The temporal-spatial similarity results of LCU. 
 

 CoL-LCU Left-LCU Top-LCU 
Sequence [0,1] [1,2] [2,3] [0,1] [1,2] [2,3] [0,1] [1,2] [2,3] 
BasketballDrill 0.576 0.307 0.039 0.334 0.345 0.791 0.376 0.384 0.801 
BasketballDrillText 0.571 0.303 0.038 0.338 0.340 0.779 0.376 0.385 0.759 
BasketballPass 0.775 0.453 0.344 0.201 0.325 0.333 0.598 0.599 0.667 
BlowingBubbles 0.491 0.269 0.065 0.181 0.284 0.609 0.251 0.323 0.435 
PartyScene 0.517 0.225 0.016 0.247 0.315 0.782 0.310 0.371 0.800 
PeopleOnStreet 0.510 0.320 0.101 0.187 0.332 0.667 0.171 0.286 0.660 
RaceHorsesC 0.413 0.279 0.158 0.102 0.217 0.250 0.132 0.250 0.278 
Average 0.550 0.308 0.109 0.227 0.308 0.602 0.316 0.371 0.629 

 
 

From Table 1, with increment of ADE, temporal 
similarity gradually reduces and spatial similarity 
improves. Accordingly, we can predict DR type of 
current LCU through obtaining adaptive weights 
according to ADE. 
 

3.2. Adaptive Depth Range Selection Scheme 
 

Video sequence has a strong temporal-spatial 
similarity especially in flat area. The DR type of 
current LCU is similar to adjacent LCU. At the same 
time, co-located LCU in the reference can be 
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referential basis of current LCU because of high 
correlation for video sequence. So we can utilize 
adjacent LCU and co-located LCU to predict DR 
type of current LCU thus skipping unnecessary CU 
depth and PU predicting process. We can use average 
depth of co-located LCU, left LCU and top LCU to 
define predDepth  in order to determine DR type of 

current LCU. predDepth  is defined as follows: 

 

  = ×= N
i iipred avedepthwDepth

0
, (5) 

 
where N=2, i is the index of reference LCU, with 0 
standing for co-located LCU, 1 for left LCU and 2 for 
top LCU. iavedepth  is average depth of 

corresponding LCU. iw  is weights of corresponding 

LCU and the sum is equal to 1. The weights of co-
located LCU, left LCU and top LCU 
is 5.01.0 +×− ADE , 25.005.0 +× ADE  and 

25.005.0 +× ADE  respectively according to analysis 
results as shown in Table 1. 

We can predict DR type of current LCU 
according to predDepth  as mentioned above. The 

relationship between predDepth  and DR type is 

demonstrated in Table 2. 
 
 

Table 2. Relationship between predicting depth  
and DR type. 

 

predDepth  Candidates Depth DR 

0 0 [0,0] 
(0, 0.5] 0,1 [0,1] 

(0.5, 1.5] 0,1,2 [0,2] 
(1.5, 2.5] 1,2,3 [1,3] 
(2.5, 3] 2,3 [2,3] 

 
 

From Table 2, we can skip unnecessary CU depth 
according to DR type which is obtained through 

predDepth  thus reducing computational complexity. 

In order to prove accuracy of the DR type, we 
make a statistics about the accuracy of DR type 
including depth after HM algorithm. The accuracy is 
demonstrated in Table 3. 
 
 

Table 3. The accuracy of DR type. 
 

Sequence [0,0] [0,1] [0,2] [1,3] [2,3] 
BasketballDrill 94.32 % 96.41 % 96.34 % 91.95 % 95.83 %
Traffic 98.79 % 98.54 % 98.18 % 86.60 % 93.57 %
BasketballDrillText 94.80 % 97.11 % 96.10 % 92.54 % 89.58 %
BlowingBubbles 100 % 100 % 97.51 % 92.17 % 97.92 %
Cactus 98.55 % 98.63 % 98.44 % 92.04 % 94.57 %
PartyScene 98.10 % 97.59 % 96.80 % 92.21 % 93.64 %
PeopleOnStreet 97.02 % 98.05 % 96.49 % 96.58 % 92.13 %
ChinaSpeed 93.76 % 99.12 % 97.08 % 94.18 % 88.75 %
Average 96.92 % 98.18 % 97.12 % 92.28 % 93.25 %

From Table 3, misjudgment rate of five DR type 
are less than 8 %, especially in first three DR type 
only 1.82 %-3.08 %. So, proposed ACUDR 
algorithm can achieve high reliability. 
 
 

3.3. Depth Scaling Factor Shrink DR 
 

We can’t reduce much computational complexity 
in interval [0, 2] and [1, 3] because we still have three 
depth need to traverse. As we know, neighbor frames 
have a similar CU depth because of high correlation 
for video sequence. Therefore, we define depth 
scaling factor (DSF) according to previous and back 
frames in order to reduce DR thus reducing 
computational complexity continue. The DSF is 
defined as follows 

 

 NcountDSF ijij /= , (6) 
 

where i=0, 1 represents co-located LCU in the 
previous and back frame respectively, j represents 
CU depth. ijcount  represents CU depth 4×4 number 

in the co-located LCU, N=256. 
For DR= [0, 2], if 00DSF  and 10DSF  are equal 

to 0, depth 0 is eliminated from the candidate depth; 
if 02DSF  and 12DSF  are less than 0.125, we traverse 

only interval [0, 1]. 
For DR= [1, 3], if 01DSF  and 11DSF  are equal 

to 0, depth 1 is eliminated from the candidate depth; 
if 03DSF  and 13DSF  are less than 0.125, we traverse 

only interval [1, 2]. 
For DR= [2, 3], if 02DSF  and 12DSF  are less 

than 0.125, depth 2 is eliminated from the candidate 
depth; if 03DSF  and 13DSF  are less than 0.125, we 

traverse only interval [2, 2]. 
 
 

3.4. Depth Range Correction Algorithm 
 

The algorithm devised in section 3.2 would result 
in errors in predicting sharp scene shifting sequences. 
Therefore, a correction algorithm, CA, was invented 
to deal with this drawback. Shown in Fig. 3, co-
located LCU in adjacent two frames, together with 
the left and upper LCU of current LCU were adopted 
to determine depth range to traverse through. The 
weighed formula is defined as follows:  
 
 

 
 

Fig. 3. Temporal-spatial similarity of LCU. 
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  = ×= 3
0

)/(
j ijji NcountwCU , (7) 

 

where i represents CU depth, CU stands for 
percentage of each CU depth; j is the index of 
reference LCU, with 0 standing for co-located LCU 
in the previous frame, 1 for LCU in the back frame, 
2 and 3 for left and top LCU of current LCU 
respectively. ijcount  is the percentage of each CU 

depth i in LCU j. jw  is the weight of LCU j. 0w  and 

1w  are set 0.3, while 2w  and 3w  are set 0.2, N 

symbolizes 4×4 number in one LCU, that is 256. 
When 0CU , 1CU , 2CU  and 3CU  are known, 

those depth percent coefficients that are less than 0.1 
will be removed from candidates. The rest CU depth 
will be traversed through to lower coding complexity.  
 
 

4. Experimental Results and Discussions 
 

To test the effectiveness of the proposed 
algorithm, HM9.0 [14] was selected as the test 
model. The experiments were conducted on a PC 
with configurations as follows: CPU Intel core  
i5-2500, clock speed 3.30 GHz, RAM 8 G, operating 

system Windows 7 and developer tool Microsoft 
Visual Studio 2008. 100 frames of each sequence 
were tested with random access mode [15] and with 
QP including 22, 27, 32, 37. Experimental results 
were presented in the form of BD-PSNR, 
(Bjøntegaard delta peak signal-to-noise rate), BDBR 
(Bjøntegaard delta bit rate) [16] and TΔ . BDPSNR 
indicates PSNR difference at the same bitrate, while 
BDBR shows bitrate variance at the same PSNR 
level. TΔ (%) is defined as follows 
 

 %100/)( ×−=Δ HMHMp TTTT , (8) 

 
where PT  and HMT  represents coding time of the 

proposed algorithm and original HM algorithm 
respectively. 

Twelve sequences were tested on common test 
conditions. In the meantime, Shen’s method was 
realized and compared with this paper’s ACUDR, 
ACUDR+DSF and CA algorithms. Table 4 shows the 
comparison among ACUDR, CA and Shen’s 
algorithms. Table 5 reveals the difference between 
ACUDR+DSF and Shen’s method. 

 
 

Table 4. Comparison results among Shen’s method, ACUDR and CA algorithms. 
 

Type Sequence 

Shen Proposed method 
ACUDR ACUDR CA 

BDPSNR 
(dB) 

BDBR
(%) 

TΔ
(%) 

BDPSNR
(dB) 

BDBR 
(%) 

TΔ  
(%) 

BDPSNR 
(dB) 

BDBR 
(%) 

TΔ
(%) 

Class A 
(2560×1600) 

Traffic -0.031 1.01 -37.57 -0.025 0.82 -36.42 -0.024 0.80 -32.42
PeopleOnStreet -0.025 0.63 -22.15 -0.019 0.47 -22.54 -0.028 0.70 -28.13

Class B 
(1920×1080) 

BasketballDrive -0.022 1.23 -33.85 -0.018 0.89 -32.73 -0.012 0.64 -30.73
Cactus -0.012 0.60 -32.22 -0.009 0.45 -31.69 -0.012 0.57 -29.53

Class C 
(832×480) 

BasketballDrill -0.061 1.68 -22.96 -0.046 1.27 -22.86 -0.025 0.69 -20.61
BQMall -0.078 2.01 -22.56 -0.047 1.22 -22.13 -0.021 0.55 -20.33

Class D 
(416×240) 

BasketballPass -0.050 1.15 -14.68 -0.003 0.094 -11.10 0.003 -0.076 -13.53
BlowingBubbles -0.009 0.25 -10.66 -0.033 0.74 -14.65 -0.004 0.11 -10.66

Class E 
(1280×720) 

KristenAndSara -0.029 1.07 -47.95 -0.014 0.53 -46.31 -0.014 0.55 -37.36
Vidyo4 -0.038 1.48 -43.78 -0.029 1.16 -43.14 -0.004 0.15 -40.10

Class F 
BasketballDrillText -0.07 1.80 -22.73 -0.051 1.31 -22.28 -0.021 0.55 -20.75
ChinaSpeed -0.09 1.67 -26.67 -0.055 1.03 -26.46 -0.017 0.32 -28.19
Average -0.043 1.22 -28.15 -0.029 0.83 -27.69 -0.015 0.46 -26.03

 
 

Table 5. Comparison results between ACUDR+DSF and Shen’s algorithms. 
 

Type Sequence 
Shen ACUDR+DSF 

BDPSNR 
(dB) 

BDBR 
(%) 

TΔ  
(%) 

BDPSNR 
(dB) 

BDBR 
(%) 

TΔ  
(%) 

Class A 
(2560×1600) 

Traffic -0.031 1.01 -37.57 -0.11 3.49 -41.96 
PeopleOnStreet -0.025 0.63 -22.15 -0.047 1.18 -36.25 

Class B 
(1920×1080) 

Kimono -0.010 0.33 -32.59 -0.037 1.27 -43.70 
Cactus -0.012 0.60 -32.22 -0.034 1.70 -39.31 

Class C 
(832×480) 

PartyScene -0.020 0.45 -20.79 -0.048 1.13 -31.96 
RaceHorsesC -0.018 0.52 -15.86 -0.041 1.16 -27.34 

Class D 
(416×240) 

RaceHorses -0.002 0.04 -11.63 -0.031 0.67 -21.07 
BlowingBubbles -0.009 0.25 -10.66 -0.022 0.62 -19.53 

Class E 
(1280×720) 

Vidyo3 -0.017 0.56 -42.31 -0.049 1.71 -46.89 
FourPeople -0.021 0.64 -42.23 -0.059 1.76 -45.89 

Class F 
BasketballDrillText -0.07 1.80 -22.73 -0.08 2.06 -32.80 
ChinaSpeed -0.09 1.67 -26.67 -0.078 1.46 -38.02 

           Average -0.027 0.71 -26.45 -0.053 1.52 -35.39 
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From Table 4, it can be seen that compared with 
HM9.0, Shen’s methods saved 28.15 % coding time, 
reduced 0.043 dB PSNR and increased BDBR by 
1.22 %. The proposed ACUDR algorithm, took up 
nearly the same coding time while BDPSNR 
increased by 0.014 dB and BDBR decreased by 
0.39 % compared with Shen’s method. CA algorithm 
was employed to deal with sharp scene shifting 
sequences. In comparison with Shen’s, it cost 
comparable coding time with BDPSNR increasing by 
0.028 dB and BDBR decreasing by 0.76 %. CA is 
especially applicable to BasketballDrill, BQMall and 
Class F sequences in that it predicted LCU depth 
range more accurately. According to Table 5, the 
combination of ACUDR+SFD saved 35.39 % time 
when compared with original HM9.0 algorithms. 
And it occupied 10 % less time than Shen’s did 
without obvious increase in BDBR and decrease in 
BDPSNR. Fig. 4 shows rate distortion performance 
of sequences PeopleOnStreet, Kimono, PartyScene 
and BlowingBubbles tested with each algorithm 
(HM9.0, Shen’s, ACUDR, CA and ACUDR+DSF). 

From Fig. 4, it is clear that all the algorithms 
possessed comparable rate distortion performance, 
indicating some reliability of the proposed 
algorithms. Fig. 5 shows the LCU partitions of each 
scheme. The red part demonstrates the mismatches 
with the original partitions. 

From Fig. 5, CA partition result is closer to the 
original one than Shen’s. There only exist several 
mismatches, which have similar CU depths with 
original ones. Therefore, the global rate distortion 
performance stays stable.  
 
 

5. Conclusions 
 

This paper proposes an adaptive CU depth 
selection algorithm, aiming to improve Shen’s 
methods. Firstly, average depth error was adopted to 
decide the weight of adjacent LCU and co-located 
LCU, which was later used to determine LCU DR 
type. Secondly, depth scaling factors of the adjacent 
frames were used to shrink DR. Finally, with respect 
to sharp scene change sequences, a depth range 
correction algorithm was devised, which took 
advantage of neighboring frames depth scaling 
factors. Results showed that the proposed 
ACRDR+SFD took up 10 % time less than Shen’s 
did while BDBR increased by about 0.81 % and 
BDPSNR decrease by 0.026 dB. Nevertheless, CA 
cost nearly equivalent time, with 0.76 % lower 
BDBR and 0.028 dB increase in BDPSNR.  
Further researches on inter prediction modes to avoid 
unnecessary mode traversal, thus lowering  
coding complexity.  

 
 

 
(a) PeopleOnStreet 

 

 
(b) Kimono 

 

 
 

(c) PartyScene 
 

BlowingBubbles 
 

Fig. 4. Rate distortion performance of sequences. 
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(a) HM9.0 
 

 
(b) Shen 

 

 
 

(c) CA 
 

(d) ACUDR+DSF 
 

Fig. 5. Quad-tree partitioning results of BasketballPass sequence when QP is equal to 32. 
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Abstract: With the rapid development of the multimedia technologies such as compression and digital image 
sensor technologies, it is more and more necessary to build up a large database. Therefore robust and efficient 
methodology for image retrieval techniques has gained the attention of researchers. In the last few years the 
booming interest in the web images has paved a way to make people on content based Image retrieval 
techniques and also supporting systems for the retrieval process. In this paper, a general review of Content based 
image retrieval process by comparing with existing retrieval techniques along with experimental results and 
applications are presented. Some of the major challenges in the adaptation of content based image retrieval 
algorithms are also discussed. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction to CBIR 
 

Image processing is growing field nowadays. It 
has its own applications and can be applied to many 
fields. Nowadays, images play a prominent role. It 
has an impact in many vast fields like satellite, 
medical, commercial, education, etc. In many areas 
of commerce, government, academia, and hospitals, 
large collections of digital images are being created. 
Many of these collections are the product of 
digitizing existing collections of analogue 
photographs, diagrams, drawings, paintings, and 
prints. Usually, the only way of searching these 
collections was by keyword indexing, or simply by 
browsing. The best example is searching for an image 
on internet by giving keyword.  

In fact, different users tend to use different words 
to describe a same image characteristic. The lack of 
systematization in the annotation process decreases 
the performance of the keyword-based image search. 
These shortcomings have been addressed by the so-

called Content-Based Image Retrieval (CBIR) 
systems. In these systems, image processing 
algorithms (usually automatic) are used to extract 
feature vectors that represent image properties such 
as color, texture, and shape. In this approach, it is 
possible to retrieve images similar to one chosen by 
the user (query-by-example). One of the main 
advantages of this approach is the possibility of an 
automatic retrieval process, contrasting to the effort 
needed to annotate images. Here we brief about the 
survey of technical aspects of current content-based 
image retrieval systems.  
 
 
2. Literature Survey 
 

The research efforts in the area of CBIR started 
since 1980’s along with the discussion about image 
retrieval technologies used in the current commercial 
image search engines. Three clusters of image 
retrieval technologies are described: text-based image 
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retrieval (TBIR), content-based image retrieval 
(CBIR) and web-based image retrieval (WBIR). By 
analyzing the advantages and shortcomings of 
various image retrieval technologies, people discover 
the ideas for improving the performance of current 
image search systems by combining WBIR and  
CBIR methods  

In recent years, there is a rapid increase in the 
online image collections. According to a study in 
1999, there are over 180 million images on the Web, 
and a million more images are produced every day. 
However, this huge amount of information cannot be 
used unless they can be searched and retrieved 
efficiently. Therefore, image retrieval has been a very 
active research topic in the recent years. Different 
users may need access to images based on different 
image features, including high-level features, such as 
abstract concepts and keywords, and low-level 
features, such as color, texture and shape.  

Texture analysis has been extensively used in 
computer vision and pattern recognition applications 
due to its potential in extracting the prominent 
features [1]. Texture retrieval is a branch of texture 
analysis that has attracted wide attention from 
industries since this is well suited for the 
identification of products such as ceramic tiles, 
marble, parquet slabs, etc. The application of the 
DWT using generalized Gaussian density with 
Kullback-Leibler distance has shown to provide 
efficient results for texture image retrieval [3] and 
image segmentation [2]. However, the DWT can 
extract only three directional (horizontal, vertical, 
and diagonal) information from an image. To address 
this directional limitation, Gabor transform (GT), 
rotated wavelet filters [4] have been proposed for 
texture image retrieval. The local binary pattern 
(LBP) feature has emerged as a silver lining in the 
field of texture classification and retrieval. Ojala et 
al. proposed LBPs [5], which are converted to a 
rotational invariant version for texture classification 
[6, 7]. Various extensions of the LBP, such as LBP 
variance with global matching [8], dominant LBPs 
[9], completed LBPs [10], joint distribution of local 
patterns with Gaussian mixtures [11], etc., are 
proposed for rotational invariant texture 
classification.  

A novel image indexing and retrieval algorithm 
using local binary patterns (LBPs), local ternary 
patterns (LTPs) and local tetra patterns (LTrPs) for 
content-based image retrieval (CBIR) have increased 
the performance [12-17]. The standard local binary 
pattern (LBP) and local ternary pattern (LTP) encode 
the relationship between the referenced pixel and its 
surrounding neighbors by computing gray-level 
difference. The newly proposed method encodes the 
relationship between the referenced pixel and its 
neighbors, based on the directions that are calculated 
using the first-order derivatives in vertical and 
horizontal directions. In addition, we propose a 
generic strategy to compute nth-order LTrP using  
(n-1) th-order horizontal and vertical derivatives for 
efficient CBIR and analyze the effectiveness of our 

proposed algorithm by combining it with the  
Gabor transform. 
 
 

3. New Ideas and Approaches 
 

We do not have yet the considerable and 
universally acceptable algorithmic means of human 
vision, more specifically towards image 
understanding. Therefore, it is not surprising to see 
various continuing efforts towards the retrieval of 
images. Some of the key aspects of content based 
image retrieval and annotation are discussed in the 
following section.  

Advances in data storage and image acquisition 
technologies have enabled the creation of large image 
datasets. In order to deal with these data, it is 
necessary to develop appropriate information systems 
to efficiently manage these collections. Image 
searching is one of the most important services that 
need to be supported by such systems.  

The shortcomings of textual metadata have been 
addressed by the so-called Content-Based Image 
Retrieval (CBIR) systems. Content-based image 
retrieval (CBIR) is a technique used for extracting 
similar images from an image database. Content-
based image retrieval (CBIR), also known as query 
by image content (QBIC) and content-based visual 
information retrieval (CBVIR) is the application of 
computer vision to the image retrieval problem, that 
is, the problem of searching for digital images in 
large databases. The last decade has witnessed great 
interest in research on content-based image retrieval. 
This has paved the way for a large number of new 
techniques and systems and a growing interest in 
associated fields to support such systems.  

Images are particularly complex to manage – 
besides the volume they occupy, retrieval is an 
application-and-context-dependent task. It requires 
the translation of high-level user perceptions into 
low-level image features (this is the so-called 
“semantic gap” problem).  

Fig. 1 shows a typical architecture of a content-
based image retrieval system. Two main 
functionalities are supported: data insertion and query 
processing. The data insertion subsystem is 
responsible for extracting appropriate features from 
images and storing them into the image database (see 
dashed modules and arrows). This process is usually 
performed off-line.  

A typical CBIR solution requires the construction 
of an image descriptor, which is characterized by: 
(i) an extraction algorithm to encode image features 
into feature vectors; and (ii) a similarity measure to 
compare two images. Image descriptor can be one or 
combination of the following: (i) color descriptor; 
(ii) shape descriptor; (iii) texture descriptor. The 
similarity measure is a matching function, which 
gives the degree of similarity for a given pair of 
images as represented by their feature vectors, often 
defined as an inverse function of the distance (e.g., 
Euclidean), that is, the larger the distance value, the 
less similar the images are. 
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Fig. 1. A typical architecture of a content-based image 
retrieval system. 

 
 
4. Advancements in CBIR 
 
4.1. Early CBIR Techniques 
 

“Content-based” means that the search will 
analyze the actual contents of the images. The term 
‘content’ in this context might refer to colors, shapes, 
textures, or any other information that can be derived 
from the images itself. The very basic issue in 
designing a CBIR system is to select the most 
effective image features to represent image contents. 
Many low-level features include color features, such 
as color correlogram, color moments, color histogram 
and texture features. Color, texture and shape 
information have been the primitive image 
descriptors in content based image retrieval systems. 
 
 
4.2. Advancements in CBIR 
 

The image information is exploited jointly in 
image space, scale, and orientation domains can 
provide richer clues. This process involves two 

phases. In the first phase, the face image is 
decomposed into different scale and orientation 
responses by convolving with multi-scale and multi 
multiorientation Gabor filters. In the second phase, 
LBP analysis is used to describe the neighboring 
relationship not only in image space but also in 
different scale and orientation responses. The LBP 
has been also used for texture segmentation, 
background modeling and detection, shape 
localization, interest region description, and 
biomedical image retrieval [12]. The versions of the 
LBP and the LDP in the open literature cannot 
adequately deal with the range of appearance 
variations that commonly occur in unconstrained 
natural images due to illumination, pose, facial 
expression, aging, partial occlusions, etc. [13-16]. In 
order to address this problem, the local ternary 
pattern (LTP) has been introduced for face 
recognition under different lighting conditions.  

A novel image indexing and retrieval algorithm 
using local binary patterns (LBPs), local ternary 
patterns (LTPs) and local tetra patterns (LTrPs) for 
content-based image retrieval (CBIR) have increased 
the performance. 
 
 

4.3. Local Binary Pattern (LBP) 
 

Local binary patterns (LBP) are a type of feature 
used for classification in computer vision. LBP is the 
particular case of the Texture Spectrum model 
proposed in 1990. LBP was first described in 1994. It 
has since been found to be a powerful feature for 
texture classification; it has further been determined 
that when LBP is combined with the Histogram of 
oriented gradients (HOG) classifier, it improves the 
detection performance considerably on some 
datasets. 

The LBP operator was introduced by in for 
texture classification. Given a center pixel in the 
image, the LBP value is computed by comparing its 
gray value with its neighbors, as shown in Fig. 1, 
based on 

 

LBPP,R = p=1P2(p-1) f1(gp-gc) 
f1(x) = 1, x≥00, otherwise 

 

where gc is the gray value of the center pixel, gp is the 
gray value of its neighbors, P is the number of 
neighbors, and R is the radius of the neighborhood. 

The LBP feature vector, in its simplest form, is 
created in the following manner as shown in Fig. 2. 
 
 

 
 

(a) 8 neighborhood  
around Z0 

(b) Obtaining LBP for Z0 

 

Fig. 2. Example of LBP feature vector creation. 
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The procedure is as follows. Divide the examined 
window into cells (e.g. 16x16 pixels for each cell). 
For each pixel in a cell, compare the pixel to each of 
its 8 neighbors (on its left-top, left-middle, left-
bottom, right-top, etc.). Follow the pixels along a 
circle, i.e. clockwise or counter-clockwise. Where the 
center pixel's value is greater than the neighbor's 
value, write "1". Otherwise, write "0". This gives an 
8-digit binary number (which is usually converted to 
decimal for convenience). Compute the histogram, 
over the cell, of the frequency of each "number" 
occurring (i.e., each combination of which pixels are 
smaller and which are greater than the center). 
Optionally normalize the histogram. Concatenate 
normalized histograms of all cells. This gives the 
feature vector for the window. The feature vector can 
now be processed using the support vector machine 
or some other machine-learning algorithm to classify 
images. Such classifiers can be used for face 
recognition or texture analysis.  
 
 
4.4. Local Ternary Patterns (LTPs) 
 

Local Ternary patterns are extensions of Local 
Binary Patterns.  

Unlike LBP, it does not threshold the pixels into 0 
and 1, rather it uses a threshold constant to threshold 
pixels into three values. LBP to a three-valued code 
called the LTP, in which gray values in the zone of 
width ±t around gc are quantized to zero, those above 
(gc+t) are quantize to 1, and those below (gc-t) are 
quantized to 1, i.e., indicator is replaced with three-
valued function.  

 
f1(gp,gc,t)= +1, gp≥gc+t 
0, gp-gc<t 
-1 gp ≤gc-t 

 
The binary LBP code is replaced by a ternary 

LTP code, as shown in Fig. 3.  
 
 

 
 

Fig. 3. Calculation of the LBP and LTP operators. 
 
 

In the LTP, the obtained ternary pattern is further 
coded into upper and lower binary patterns. The 
upper pattern is obtained by retaining 1 and replacing 
0 for 1 and 0. Lower pattern is coded by replacing 1 
with 1 and 0 for 1 and 0. In this way, each 
thresholded pixel has one of the three values. 
Neighboring pixels are combined after thresholding 
into a ternary pattern. Computing a histogram of 
these ternary values will result in a large range, so the 
ternary pattern is split into two binary patterns. 

Histograms are concatenated to generate a descriptor 
double the size of LBP. 
 
 
4.5. Local Derivative Patterns (LDPs) 
 

LDPs considered the LBP as the non-directional 
first order local pattern operator and extended it to 
higher orders (nth-order) called the LDP. The LDP 
contains more detailed discriminative features as 
compared with the LBP. To calculate the nth-order 
LDP, the (n-1)th-order derivatives are calculated 
along 00, 450, 900, and 1350 directions, denoted as 
Iα(n-1) (gc) |α=0,45,90,135. Finally, nth-order LDP is 
calculated as 

 

( )

( )

1 2 1 2 1 ,  

1 8

1 1,   . 00,

|

 

n
cLDP g p P p f I n gc

I n gp P

f x if x y otherwise

α = = − ∝ −
∝ − =

= ≤

 

 
The illustration of LDP templates and calculation 

is shown in Fig. 4. 
 
 

 
 

Fig. 4. Illustration of LDP templates: (a) zero degree; 
(b) 45 degrees; (c) 90 degrees; (d) 135 degrees. 

 
 

The detailed explanation along with figure, 
calculation of second-order LDP is shown in Fig. 5. 
The micro-patterns for second-order LDP is 
performed and shown only for zero 
 
 

a-8 neighborhoods of Z0  
b-Template (a-1)Ref 1= Z0 bit=0  
c.-Template (a-2)Ref 1= Z0 bit=1  
d-.Template (a-3)Ref 1= Z0 bit=0  
e.-Template (a-4)Ref 1= Z0 bit=1  
f. -Template (a-1)Ref 2= Z0 bit=0  
g.-Template (a-2)Ref 2= Z0 bit=1  
h.-Template (a-3)Ref 2= Z0 bit=0  
i.-Template (a-4)Ref 2= Z0 bit=0  

 
Fig. 5. Illustration of LDP templates for zero degree. 

 
 

LDP00 2(Z0) = 01010100 is obtained by 
concatenating all the bits from above example. 
Similarly for 45 °, 90 ° and 135 °, LDPs are given by 
LDP450 2(Z0) = 00101111, LDP900 2(Z0) = 
11010000 and LDP1350 2(Z0) = 11000110. The 
second-order LDP for Z0 is LDP2(Z0) 
=01010100001011111101000011000110. 
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4.6. Local Tetra Pattern (LTrP) 
 

The standard local binary pattern (LBP) and local 
ternary pattern (LTP) encode the relationship 
between the referenced pixel and its surrounding 
neighbors by computing gray-level difference. The 
LTrP method encodes the relationship between the 
referenced pixel and its neighbors, based on the 
directions that are calculated using the first-order 
derivatives in vertical and horizontal directions. In 
addition, we propose a generic strategy to compute 
nth-order LTrP using (n-1)th-order horizontal and 
vertical derivatives for efficient CBIR and analyze 
the effectiveness of our proposed algorithm by 
combining it with the Gabor transform.  

The LBP, the LDP, and the LTP extract the 
information based on the distribution of edges, which 
are coded using only two directions (positive 
direction or negative direction). Thus, it is evident 
that the performance of these methods can be 
improved by differentiating the edges in more than 
two directions.  

This observation has motivated us to propose the 
four direction code, referred to as local tetra patterns 
(LTrPs) for CBIR. A second-order LTrP that is 
calculated based on the direction of pixels using 
horizontal and vertical derivatives. It makes use of 00 
and 900 derivatives of LDPs for further calculating 
the directionality of each pixel (Fig. 6). 
 
 

 

 
 

Fig. 6. Calculating of tetra pattern bits for the center-pixel 
direction ‘1’ using the direction of neighbors. Tetra Pattern 

= 3 0 3 4 0 3 2 0 Pattern1 = 0 0 0 0 0 0 1 0;  
Pattern2=1 0 1 0 0 1 0 0; Pattern3 = 0 0 0 1 0 0 0 0 

Magnitude Pattern = 1 1 1 0 0 1 0 1. 
 
 

For generating a tetra pattern, the bit is coded 
with the direction of neighbor when the direction of 
the center pixel and its neighbor are different, 
otherwise ‘0’. For the magnitude pattern, the bit is 
coded with ‘1’ when the magnitude of the center 
pixel is less than the magnitude of its neighbor, 
otherwise ‘0’. 

5. Research Challenges 
 

CBIR is a challenging research problem till today. 
There are many novel methods in extracting features, 
describing images as a set of features,, matching and 
retrieval has been proposed and the process is still on. 
The implementation of CBIR systems raises several 
research challenges, such as: 
• Formalisms need to be created to describe image 

content descriptions and related services. This 
formalism can guide the design and 
implementation of new applications based on 
image content. 

• Not many techniques are available to deal with 
the semantic gap presented in image and their 
textual descriptions. New tools for 
marking/annotating images (and their regions) 
need to be developed. Better semantically 
enriched descriptions can be created by taking 
advantage of onto logies . 

• Need for tools that automatically extract semantic 
features from images: extract high level concepts 
contained in multimedia data. 

• Development of new data fusion algorithms  
to support  text-based and content-based  
retrieval combining information of different 
heterogeneous formats . 

• Finding new connections, and mining patterns. 
Text mining techniques might be combined with 
visual-based descriptions. New user interfaces for 
annotating, browsing and searching based  
on image content need to be investigated.  
Research in this area will require usability studies 
with practitioners. 

 
 
6. Conclusions 
 

This paper has presented a brief overview of 
content-based image retrieval area. The CBIR is 
challenging research areas and there is a need for 
high performance. The basic principal of CBIR along 
with architecture is discussed. The novel approach 
referred as LTrPs for CBIR are discussed from 
literature. The LTrP encodes the images based on the 
direction of pixels that are calculated by horizontal 
and vertical derivatives. The performance 
improvement of the proposed method has been 
compared with the LBP, the LTP, and the LDP on 
grayscale images. In LTrP, only horizontal and 
vertical pixels have been used for derivative 
calculation. Results can be further improved by 
considering the diagonal pixels for derivative 
calculations in addition to horizontal and vertical 
directions. Due to the effectiveness of the proposed 
method, it can be also suitable for other pattern 
recognition applications such as face recognition, 
fingerprint recognition, etc.  

The applications of CBIR are discussed along 
with potential research challenges in the area of 
CBIR are address. This may lead to new methods to 
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improve the performance of existing techniques and 
retrieval rate.  
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Abstract: The braking effect is decreased rapidly in heavy truck when the temperature of braking friction plate 
reaches a certain value. The device measures the temperature of friction plate adopting a thermistor temperature 
sensor, put the temperature value into the PLC controller, compared with the selected temperature value, and the 
temperature of friction plate is controlled through controlling the open and close of electromagnetic  
valve of water supply. It has high stability, strong anti-interference ability and easy maintenance etc.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Temperature sensor, Electromagnetic valve, PLC, Control spray. 
 
 
 
1. Introduction 
 

The vehicle needs to brake so as to reduce the 
speed, when it goes downhill. At the same time the 
heat is generated by the friction between the brake 
drum and brake shoe. The longer and steeper the 
slope is, more heat is generated. The vehicle’s 
braking efficiency is affected by the work 
temperatures of the brake drum and brake shoe. 
Meanwhile the heat of the brake drum conducts to the 
rubber tire, making the tire high temperature, high 
pressure, low strength, which easily causes a tire 
blowout. So it is important to cooling down brake 
drums when we break vehicle. 

Heavy trucks usually use manual spray cooling 
device. The driver chooses the moment of opening or 
closing water value on the basis of experience, it is 
difficult to determine the optimal water supply time 
according to the brake drum temperature. In this way, 
on one hand the cooling water is waste; on the other 
hand the burden is increased on a driver. Therefore, a 
kind of vehicle brake spraying device for automatic 

control is designed and manufactured, lots of devices 
were used in heavy trucks and have good effects. 
 
 

2. The Working Principle and Structure 
Design of the Device 

 
The temperature of braking friction piece are 

measured by the use of temperature sensors in the 
vehicle brake spraying devices, and the temperature 
signal is dialed with and then transmitted to the PLC. 
When the friction plate temperature value is higher 
than the set value, PLC controls water supply by 
pump. At the same time, the corresponding 
electromagnetic valve which controls this hub 
switches on and sprays water to the hub until the 
temperature is below the set vale, and achieves the 
purpose of precise control. 

The spray cooling system of heavy truck consists 
of water tank, water pipe, water dispenser, sprayer 
and the PLC control system, the PLC controller is the 
core parts. 
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3. The Design of the Device Hardware 
 

The device work procedure is shown in Fig. 1. 
This device adopts Siemens PLCS7-200 as the 

controller, Siemens touch panel as display and 
parameter setting device, high sensitivity PT100 
temperature sensor measuring the brake temperature. 

PT100 conveys signals to temperature transmitter. 
Then these signals are transmitted to PCL after 
amplified by the temperature transmitter. PLC is 
responsible for calculating temperature parameters, 
comparing the current temperature of brake  
drum with set value, and controlling the 
electromagnetic valve. 

 
 

 
 

Fig. 1. The system work procedure. 
 
 
4. The Design of the Device Hardware 
 
4.1. The Determination of the Brake Shoes 

Cooling Temperature 
 

According to the literature 1, when the heavy 
truck brakes under heavy load, the temperature of the 
brake shoes is usually above 300 °С, sometimes up to 
600 °С. With the heavy truck speed and road slope 
angel become higher and larger, the temperature of 
brake shoes will be higher. 

When the heavy truck brakes, the temperature of 
the contacted friction surface between the brake drum 
and brake shoes is obviously higher than non-
contacted surface. The heavy truck is driven at the 
speed of 60 km/h in 4 % slope downhill. The 
temperature curve of the brake shoe on the surface is 
shown in Fig. 2.  

The temperature rises rapidly at the start of 
braking, and it slows down after 10 seconds. 

According to the literature 2, the test of the 
temperature risen was done for the brake shoes. The 
temperature of the brake shoe is a function of time, 

when the brake drum is constantly braking and 
spraying. At 260 °C, the water was sprayed to the 
surfaces of the brake drum, and the water amount 
increased with the temperature. With the extension of 
time, the heat exchanged from the outside to the 
inside. The surface temperature on the brake shoe 
reaches 295 °C, then began to decline. It is shown  
in Fig. 3. 
 
 

 
 

Fig. 2. The temperature curve of the brake shoe  
on the surface. 
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Fig. 3. The cooling temperature curve of brake shoe  
on the surface. 

 
 

According to the literature 3, because of the 
friction, the heat is produced in the brake shoe, the 
temperature is increasing on the friction pair surface, 
and the friction factor would be reduced regularly. It 
is shown in Fig. 4. 
 
 

 
 

Fig. 4. Relation between the brake shoe friction coefficient 
and the surface temperature. 

 
 

Given the function relation among the delay 
characteristics of the cooling temperature of the brake 
shoes, the friction coefficient and surface temperature 
of the brake shoe, it is preliminarily decided that the 
cooling temperature of the brake shoe is 240 °C. If 
the temperature is not suitable, it can be adjusted 
according to the braking effect. 
 
 
4.2 The Selection of Temperature Sensor 
 

The temperature sensor is one of the most 
important components of PLC control system, 
according to the working conditions appropriate 
temperature sensor is chosen. 

Choosing the range of the measured object 
according to the temperature, the temperature range 
of brake shoe is -50~600 °C. 

According to the sensor use, it is divided into 
direct contact and non-contact temperature 
measurement method. Given the temperature 
measurement range and economy, the sensor of 
thermal resistor type is more suitable for the system, 
the main technical parameters are as follows: 

Temperature range: -100~600 °C; 
Service voltage: 24 V; 
Output voltage: 0~5 V. 
According to the internal structure of brake drum, 

the probe of the temperature sensor is embedded 
under the friction surface about 1~2 mm, it is fixed 
with binder on the surface to be measured, the wire is 
fixed with mechanical connection way on the brake 
shoe, it is crossed from the installation hole in the 
brake plate. 
 
 
4.3. The Selection of PLC Controller 
 

The system uses Siemens PLCS7-200 as the 
controller, and uses EM231 as analog extension 
module. The central processing unit is CPU224, with 
14 input /10 output I/O points. It has large capacity in 
program and data storage. It can extend up to seven 
external function modules, and built-in clock. It  
has become the most popular application in S7-200 
series products. 
 
 
4.4. The Design of the Device Circuit 
 

The device circuit diagram is shown in Fig. 5. 
Thermometric element includes temperature 

sensor 1, temperature transmitter 2. The input 
terminal of temperature transmitter 2 is connected to 
temperature sensor 1, the output terminal is 
connected to the input terminal of the touch panel 3 
and the analog input of PLC 8. The output of the 
touch panel is connected to terminal PROT1 of  
PLC 8. 

The water pump 7 is connected to the output 
terminal Q0.0 of PLC 8 and negative pole. Output 
terminal from Q0.1 to Q1.1 are connected to negative 
pole via electromagnetic valve 6. The common input 
terminal 1M and 2M are connected to negative pole 
of power 5. The common output terminal 1L, 2L and 
3L are connected to positive pole of power 5. Input 
terminal from I0.0 to I1.5 are connected to positive 
pole of power 5 via brake signal switch [5, 6]. 

Device circuit variables are shown in Table 1. 
 
 
4.5. Working Process of the Device 
 

Working condition of the touch panel is shown  
in Fig. 6. 

When brake drum works, brake signal switch 4 is 
on. The corresponding hub showed in the touch panel 
flickers. A lot of heat is generated due to the friction 
between the hub and brake drum, temperature 
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sensor 1 detects temperature change, then it conveys 
temperature signal to temperature transmitter 2 and 
touch panel 3. Current temperature is shown on touch 
panel 3. Signal is conveyed to analog terminal after 
amplified or reduced by temperature transmitter. PLC 
8 calculates the temperature parameters, compares 
the current temperature of hub with the set value. 
When the current temperature is higher than the set 
value, PLC 8 controls water supply by pump 7. At 
the same time, the corresponding electromagnetic 
valve 6 which controls this hub switches on and 

sprays water to the hub until the temperature is below 
the set vale. 

The shape of 6 axles in heavy truck and the 
temperature of the brake drums are displayed on the 
touch panel. The parameter of axle is selected 
between 1~6. “Parameter setting” is touched; you can 
set up the parameter of axle and the temperature of 
the hub. The temperature is flickered with red on the 
touch panel when the heavy truck is braked. 

An indicating lamp installed in the cab indicates 
the system is working or not. 

 
 

 
 

 
 

Fig. 5. Device circuit diagram. 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 259-264 

 263

 
 

Fig. 6. Work condition of the touch panel. 
 
 

Table 1. Circuit variables instruction of the device. 
 

Variable address Variable name External device 
variable-41 VW10 Control shaft position 
variable-42 VD500 Temperature scale 
variable-1 VD150 Temperature setting A 
variable-7 VD160 Temperature setting B 
variable-8 VD380 Temperature display value /A 
variable-9 VD480 Temperature display value /B 
variable-29 M12.5 Spraying instructions A 
variable-28 M12.4 Spraying instructions A 
variable-27 M12.3 Spraying instructions A 
variable-26 M12.2 Spraying instructions A 
variable-25 M12.1 Spraying instructions A 
variable-24 M12.0 Spraying instructions A 
variable-35 M13.5 Spraying instructions B 
variable-34 M13.4 Spraying instructions B 
variable-33 M13.3 Spraying instructions B 
variable-32 M13.2 Spraying instructions B 
variable-31 M13.1 Spraying instructions B 
variable-30 M13.0 Spraying instructions B 
variable-15 M10.5 Tire water  instructions A 
variable-14 M10.4 Tire water  instructions A 
variable-13 M10.3 Tire water  instructions A 
variable-12 M10.2 Tire water  instructions A 
variable-11 M10.1 Tire water  instructions A 
variable-10 M10.0 Tire water  instructions A 
variable-22 M11.5 Tire water  instructions B 
variable-21 M11.4 Tire water  instructions B 
variable-20 M11.3 Tire water  instructions B 
variable-19 M11.2 Tire water  instructions B 
variable-18 M11.1 Tire water  instructions B 
variable-17 M11.0 Tire water  instructions B 
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5. Test Results 
 

Simulation test. The brake signal switch is 
connected, the temperature sensor is heated with a 
hair dryer, the temperature changes on the display are 
checked. 

Experiment test. The rear brake drum (Φ 
410x180) is used in the EQ1208, do the risen 
temperature test. The same working conditions are 
simulated. The surrounding temperature in test 
condition is 10 °C, the surface temperature of the 
rotary brake drum is measured by infrared 
thermometer, and the result of the test is obtained. In 
the beginning of the curve (lower than 100 °C), the 
change is linear. When temperature is higher than 
100 °C, the temperature change is nonlinear; the 
rising trend becomes slower [7]. The temperature 
tends to be stable when it reach 400 °C, and meet the 
design requirements. 
 
 

6. Conclusions 
 

Vehicle brake spray device applies thermistor 
temperature sensor, and PLCS7-200 does the 
controller. The device has the characteristics such as 
fast response, high precision, high reliability, strong 
anti-interference ability etc. It can monitor  
the running state in time and has good  
water-saving effect. 

Automatic control heavy truck braking spray 
system has advantages such as responsive, high 
precision, high stability, it can real-time monitor the 
running state and has good water-saving effect. 
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Abstract: A static and a dynamic analysis model are separately established using ABAQUS finite element 
program to study the mechanical properties of track structure and running stability and safety of the vehicle 
under the condition that uneven settlement of bridge piers exists. The static model is aimed at studying the 
effects caused by uneven settlement alone and the dynamic one is for the effects induced by uneven settlement 
and train loads together. Conclusions are drawn as follows: 1) The influence range of uneven settlement on 
fastenings is 10 groups of fastenings on both sides of the beam joint. Among them the influence on the first 
group of fastenings is the largest. 2) The influence area of uneven settlement on rail stress is within the range of 
15 m on both sides of the beam joint. The bigger uneven settlement is, the larger rail stress will be. 3) Uneven 
settlement of bridge piers has certain effects on running stability and safety, but every evaluating indicator is 
within the specification limits, showing that the operation has good emergency capacity. 4) The influence 
induced by uneven settlement is much greater on the mechanical characteristics of rail and fastenings  
than on running stability and safety, making it clear that the factor that determines the limit of uneven settlement 
of bridge piers is fastening force and rail stress, not the running stability and safety.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Uneven settlement of bridge piers, ABAQUS, Mechanical property, Tension of rail fastenings, Rail 
stress, Running stability and safety. 
 
 
 
1. Introduction 
 

The construction of urban rail transit in China has 
been developing very fast these years. According to 
the Twelfth Five-year Plan in Transportation, 
7395 kilometers of subway lines of which the total 
cost reaches 3800 billion will be built in China in the 
next ten years. It is expected that 33 cities will have 
177 subway lines in 2020. With large numbers of 
urban rail transit completed and put into operation, 
some structural injuries appear continuously. Among 

them, uneven settlement between adjacent piers is 
one of typical structural injuries, which is induced by 
failure of bridge bearings, extraction of groundwater, 
construction errors, etc. For traditional ballast track 
structure, this tiny displacement has little influence 
on track structure because of the properties of 
granularity and mobility of the ballast. But for 
ballastless track structure, small deformation of the 
bridge will have impacts on the mechanical behaviors 
of track structure because of the rigid connection 
between track structure and the bridge, especially for 
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rail and fastenings [1, 2]. In addition, uneven 
settlement of adjacent piers will lead to additional 
track irregularity on rail surface, which will have 
certain effects on running stability and safety [3]. 
Therefore, it has important theoretical significance 
and engineering value to do researches on the effects 
on mechanical properties of track structure  
and running safety caused by uneven settlement of 
bridge piers. 

Uneven settlement of bridge piers will lead to 
sinking and vertical corner at beam end. Thus, the 
problem of uneven settlement is actually the problem 
of beam end displacement. At present, lots of 
researches on beam end displacement relevant 
problems have already been carried out in many 
countries. In China, effects caused by uneven 
settlement on track structure, especially on fastening 
systems are studied by Zhao Pingrui, Wei 
Yahui [1, 2, 4] while the vibration response property 
of vehicle-track-bridge coupled system under 
differential settlement of piers is studied by Song 
Guohua [5]. In Japan, Railway Building Design 
Standards and Interpretations – Deformation 
Limit [6] is developed from existing researches, in 
which detailed provisions about the deformation of 
ballastless track at beam end is written. In Germany, 
two relevant criteria are issued, respectively the Basic 
Principles and General Requirements on Ballastless 
Bridge (DS504.5401) [7] and Check for Ballastless 
Track Locating on the Beam-end (DS504.5405) [8], 
in which the limit of fastening force, construction 
measures aimed to reduce fastening force, check 
method on ballastless track at beam end, etc  
are specified. 

Although many scholars at home and aboard have 
done a lot of researches on uneven settlement 
problems, most of the current studies are based on the 
division of statics. Researches on mechanical 
properties of track structure under the combined 
action of dynamic train load together with uneven 
settlement of bridge piers are still not reported yet. 
To cover the shortage of current researches, a static 
and a dynamic analysis model are established in this 
paper using ABAQUS finite element program to 
study the mechanical behaviors of rail and fastenings 
and the running stability and security not only under 
the action of differential settlement of adjacent piers 
alone but also under the combined action of dynamic 
train load and uneven settlement. The research results 
can provide scientific basis for failure of rail and 
fastenings of track structure in bridge section in 
urban rail transit, and can offer suggestions for 
monitoring, maintenance and replacement of track 
structural parts. 
 
 
2. Finite Element Model 
 

In consideration of the superiority of ABAQUS in 
processing wheel/rail contact, as well as the powerful 
nonlinear solution ability, ABAQUS finite element 
program is intended to be used to establish the static 

and dynamic analytical models to do researches on 
the effects on mechanical behaviors of track structure 
and operation stability and security caused by uneven 
settlement of bridge piers. 
 
 
2.1. Static Analysis Model 
 

It is consist of rail, fastenings, longitudinal track 
girder and bridge. Rail is the type of CHN60, 
simulated by solid element. On rail surface German 
railway low interference spectrum is applied to 
simulate actual irregularity of the rail [9]. 
Longitudinal track girder is concrete structure, 
simulated by solid element. The bridge is simple-box 
simple-cell simply-supported box girder of which the 
span is 32 m. The bearing is 0.55 m away from the 
beam end. The cross section of the box girder is 
shown in Fig. 1. The material parameters of rail, 
longitudinal track girder and bridge are shown  
in Table 1. 
 
 

10000

1
70

7000

500 2500

1000 500 1000 2500

600

4
26

17
5

29
00

 
 

Fig. 1. Cross section of box girder (unit: mm). 
 
 
Table 1. Material parameters of track and bridge structure. 

 

Items 
Modulus of 

elasticity (Pa) 
Poisson 

ratio 
Density 
(kg/m3) 

Rail 2.1×1011 0.3 7830 
Longitudinal 
track girder 

3×1010 0.167 2500 

Box girder 3×1010 0.167 2500 
 
 

The type of fastenings is DTVII2 which are 
largely used on bridges in Beijing subway lines. The 
longitudinal and transverse supports of fastenings are 
simulated by linear spring elements while the vertical 
support is simulated by nonlinear spring element. The 
vertical stress status of fastenings can be divided into 
3 stages, correspondingly, the vertical stiffness 
should be taken as three discrete values according to 
the following formula [4]: 
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where KF is the joint stiffness of fastening in kN/mm, 
KP is the stiffness of resilient tie pad in kN/mm, KS is 



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 265-272 

 267

one sided stiffness of elastic rod in kN/mm, yΔ  is the 

vertical deformation of fastening in mm, F0 is the 
initial toe load of fastening in kN. As to DTVII2 
fastenings, KP, KS, F0 are respectively adopted as 
30 kN/mm, 0.36 kN/mm, 8 kN [10]. 

Bridge bearings are simulated by linear spring 
elements. Mechanical parameters of fastenings and 
bearings are shown in Table 2. 

In order to eliminate the influence of boundary 
conditions, four spans of box girder are adopted. 
Uneven settlement of piers is realized by applying 
displacement boundary condition to No. 3 pier. 
Schematic diagram of the model is shown in Fig. 2. 
 
 
Table 2. Mechanical parameters of fastening and bearing. 

 

Mechanical index Fastening Bearing 
Vertical stiffness(N/m) – 3×109 
Lateral stiffness (N/m) 2.4×107 3×109 
Longitudinal stiffness (N/m) 2.4×107 3×109 
Vertical damping (N·s/m) 1.25×104 1×105 
Lateral damping(N·s/m) 1×104 1×105 
Longitudinal damping(N·s/m) 1×104 1×105 
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Fig. 2. Schematic diagram of static analysis model. 
 
 

2.2. Dynamic Analysis Model 
 

Vehicle-track-bridge three-dimensional coupled 
dynamic analysis model is established based on the 
static analysis model, which is purposed to study the 
mechanical behaviors of rail and fastenings and  
the running stability and safety under the  
combined action of dynamic train load and the 
uneven settlement. 

The metro vehicle is B car-type metro in the 
model, of which the main parameters are as follows: 
The length is 23.69 m, the height is 3.0 m, the rigid 
wheelbase is 2.2 m, the length between truck centers 
is 12.6 m and the axle load is 14.1 t. The assumptions 
are shown below: car body, bogies and wheelsets are 
regarded as rigid bodies, not considering their elastic 
deformation. Three frame members are symmetrical, 
not considering the eccentric effect. The first 
suspension and secondary suspension are simulated 
by spring-damper element, not considering the 
nonlinear characteristics. 5 degrees of freedom that 
are sinking and floating, sideslip, nodding, rolling 
and yawing are considered for car body and the 
bogie. 4 degrees of freedom that are sinking and 
floating, sideslip, rolling and yawing are considered 
for wheelsets, not considering its rotation around the 
wheel axle. The whole vehicle model that established 
is shown in Fig. 3. 

In vehicle-track-bridge coupled dynamic analysis 
model, wheel/rail contact relationship is the vital 

factor that directly affects the solution of wheel/rail 
force. Wheel/rail contact relationship includes two 
aspects: wheel/rail normal interaction and tangential 
interaction. As to the normal force, it is assumed to 
be calculated using Hertz non-linear contact theory, 
concretely by the equation below: 
 

 2/3)](
1

[)( tZ
G

tP Δ= , (2) 

 
where G is the wheel/rail contact constant in m/N2/3, 

)(tZΔ  is the wheel/rail compression amount at t 

moment in m. As to worn-tread wheel, 
)/(1086.3 3/28115.0 NmRG −− ×= , where R is the 

wheel radius in m. 
Wheel/rail tangential interaction is described by 

penalty function friction model, wheel/rail friction 
coefficient taken as 0.3. 

Vehicle-track-bridge three-dimensional coupled 
dynamic analysis model that established is shown  
in Fig. 4. 
 
 

 
 

Fig. 3. Whole vehicle model. 
 
 

 
 

Fig. 4. Vehicle-track-bridge coupled dynamic  
analysis model. 

 
 

3. Influence Analysis on Mechanical 
Properties of Track Structure 

 
According to Code for Design of Metro 

(GB50157-2013), uneven settlement between 
adjacent piers should not exceed 20 mm. But in order 
to obtain the influencing rule of uneven settlement on 
mechanical behaviors of track structure and operation 
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security, the values of uneven settlement for 
calculation in this paper should be slightly more than 
the limit value in the code. Thus, six conditions are 
calculated for static and dynamic analysis: the values 
of uneven settlement are separately 0 mm, 5 mm, 
10 mm, 15 mm, 20 mm and 25 mm. 
 
 

3.1. Results of Static Analysis 
 

1) Analysis on fastening force. 
Force conditions of the fastenings on both sides of 

the beam joint under different conditions are shown 
in Fig. 5. 
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Note: L represents left side while R represents right side of the 
beam joint. 

 

Fig. 5. Force conditions of the fastenings on both sides of 
the beam joint. 

 
 

Conclusions can be drawn from Fig. 5: 1) Uneven 
settlement of bridge piers has large influence on the 
force condition of fastenings. Fastenings which are 
further away from the beam joint suffer smaller 
forces while those which are nearer to the beam joint 
suffer larger forces. 2) The force of the tenth group of 
fastenings is nearly 0, showing that the influence 
range of uneven settlement on fastenings is 10 groups 
on both sides of the beam joint. 3) The impact of 
differential settlement on the first group of fastenings 
on both sides of the beam joint is largest and the 
fastening force is tension. Fastenings except for the 
first group suffer much less forces than the first group 
and the fastening forces are tension or compression 
randomly. 4) With uneven settlement increasing, the 
tension of the first group of fastenings increases. 
Values of the tension of the first group of fastenings 
under different conditions are shown in Table 3. 

It can be seen from Table 3 that the tensile forces 
of the first group of fastenings on both sides of the 
beam joint increase with uneven settlement 
increasing. In order to ensure the safe use of 
fastenings, fastening tension should not exceed the 
crimping force of the elastic rod. As to DTVII2 
fastenings, the crimping force of one elastic rod is 
4 kN, making the toe load of one group of fastenings 
8 kN. When the uneven settlement reaches 15 mm, 
the tension of the first group of fastenings on left side 
of the beam joint has already exceeded 8 kN, causing 
the injuries like fracture of the elastic rod to happen. 

Therefore, the force condition of the first group of 
fastenings on both sides of the beam joint should be 
paid more attention to when uneven settlement of 
bridge piers exist. Fastenings at such positions are 
suggested being replaced of those whose toe loads 
are larger. 
 
 

Table 3. Tension of the first group of fastenings on both 
sides of the beam end. 

 

Conditions 
First group of 
fastenings on  
left side (kN) 

First group of 
fastenings on 

right side (kN)
Uneven settlement 0 mm 0.091 0.068 
Uneven settlement 5 mm 1.595 1.080 

Uneven settlement 10 mm 4.405 2.750 
Uneven settlement 15 mm 8.130 6.540 
Uneven settlement 20 mm 9.290 12.630 
Uneven settlement 25 mm 10.995 13.520 

 
 

2) Analysis on rail stress 
The vertical displacement of rail when uneven 

settlement is 20 mm is shown in Fig. 6. It can be seen 
from Fig. 6 that when No. 3 pier goes down by 
20 mm than adjacent piers the rail also sinks 
correspondingly, leading to the angle shape 
irregularity on rail surface. When flexural bending of 
rail appears, stress is produced inside the rail due to 
the constraints of undeformed region of rail and 
subjacent fastenings. Rail stress along the 
longitudinal direction of the route under different 
values of uneven settlement is shown in Fig. 7. 
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Fig. 6. Flexure curve of rail. 
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Fig. 7. Rail stress along the longitudinal direction  
of the route. 
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Conclusions can be drawn from Fig. 7: 1) Uneven 
settlement of bridge piers has large influence on rail 
stress. Stress of the rail which is further away from 
the beam joint is smaller while that is nearer to the 
beam joint is larger. 2) Rail stress goes down to 0 at 
the position of about 15 m away from the beam joint, 
indicating that the influence area of uneven 
settlement on rail stress is within the range of 15 m 
on both sides of the beam joint. 3) The larger 
differential settlement is, the larger the rail stress will 
be. The maximum value of rail stress when 
differential settlement is 5 mm is 23.5 MPa while  
that when differential settlement is 25 mm is 
118 MPa. The latter is 4 times than the former, 
increasing significantly. 

According to the researches by relevant 
references [4], as to continuously welded rail track 
using CHN60 rail, additional rail stress caused by 
deformation at beam end should not exceed 102 MPa. 
The additional stress of rail calculated in this section 
when uneven settlement is 25 mm reaches 118 MPa, 
which is more than the allowable value. Thus, 
monitoring of rail stress should be enhanced when 
uneven settlement of bridge piers reaches 20 mm and 
larger so as to avoid rail yielding. 
 
 
3.2. Results of Dynamic Analysis 
 

1) Analysis on fastening force. 
Time-history curves of the force condition of the 

first group of fastenings on left and right sides of the 
beam joint when uneven settlement is 20 mm are 
shown in Fig. 8 and Fig. 9. 
 
 

 
 

Fig. 8. Time-history curve of fastening force on left side  
of the beam joint. 

 
 

As can be seen from Fig. 8, as to the first 
fastening on left side of the beam joint, the fastening 
is in tensile condition when 4 wheelsets has not yet 
reached its position while it is in compression 
condition when 4 wheelsets pass right by its position. 
The fastening tension reaches the maximum value 
between two wheelsets of one bogie. This is because 

the rail beneath the wheelsets has a downward 
displacement at this moment, making the rail above 
fastenings having the trend of going upward, which 
increases the fastening tension. 
 
 

 
 

Fig. 9. Time-history curve of fastening force on right side 
of the beam joint. 

 
 

As can be seen from Fig. 9, as to the first 
fastening on right side of the beam joint, it is in 
tensile condition in the whole time period. When 4 
wheelsets pass right by the fastening position, 
fastening tension is the least while when fastening is 
between two wheelsets of one bogie, fastening 
tension is the largest. 

The force condition of the first group of 
fastenings on both sides of the beam joint under the 
train dynamic load is shown in Table 4. 
 
 

Table 4. Force condition of the first group of fastenings  
on both sides of the beam joint. 

 
     Positions

 
Conditions 

Left side of the 
beam joint 

Right side of the 
beam joint 

T C T C 
Uneven settlement 

0 mm 
1.8 12.44 1.86 12.77 

Uneven settlement 
5 mm 

3.2 10.51 2.63 10.83 

Uneven settlement 
10 mm 

6 7.7 4.62 9.02 

Uneven settlement 
15 mm 

9.79 3.86 8.39 5.16 

Uneven settlement 
20 mm 

11 2.31 14.62 None 

Uneven settlement 
25 mm 

12.73 0.92 15.78 None 

Note: T represents tension while C represents compression 
 
 

It can be seen from Table 4 that the tension of the 
first group of fastenings increases gradually while the 
compression decreases with the increase of uneven 
settlement. When uneven settlement reaches 15 mm, 
the tension of fastenings has exceeded the toe load of 
DTVII2 fastening. Therefore, the force condition of 
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the first group of fastenings on both sides of the beam 
end should be focused on. It is proposed that 
fastenings at this position should be replaced by 
fastenings with larger crimping force. 

2) Analysis on dynamic stress of rail 
The dynamic stress of rail above No. 3 pier under 

different conditions is shown in Table 5: 
 
 

Table 5. Dynamic stress of rail above No. 3 pier. 
 

Condition Rail dynamic stress (MPa)
Uneven settlement 0 mm 56.4 
Uneven settlement 5 mm 103.8 
Uneven settlement 10 mm 176.1 
Uneven settlement 15 mm 251.1 
Uneven settlement 20 mm 341.9 
Uneven settlement 25 mm 433.2 

 
 

As can be seen from Table 5, the dynamic stress 
of rail increases with the increase of differential 
settlement. The dynamic stress of rail is 56.4 MPa 
when differential settlement is 0 mm while it is 
433.2 MPa when differential settlement is 25 mm. 
The latter increases nearly 7 times than the former, 
indicating that differential settlement has great 
impact on dynamic stress of rail under the dynamic 
train load. 

According to Hot-rolled Steel Rails for Railway 
(GB2585-2007), the allowable stress of rail is 
352 MPa for CHN60 rail in continuously welded rail 
track. When uneven settlement of bridge piers 
reaches 25 mm, the calculated dynamic stress of rail 
is 433.2 MPa, which is much larger than the 
allowable stress. It is thus clear that additional 
irregularity on rail surface is produced due to uneven 
settlement of bridge piers, which will sharply 
increase wheel/rail contact force, worsen wheel/rail 
contact relationship, cause oversize dynamic stress 
inside rail. Therefore, more attention should be paid 
to the monitoring of rail stress when uneven 
settlement reaches 20 mm and larger so as to prevent 
the rail from yielding. 
 
 

4. Influence Analysis on Running 
Stability and Safety 

 
4.1. Influence Analysis on Running Stability 
 

The indexes that are used to evaluate running 
stability are vertical and lateral accelerations of the 
vehicle. Time-history curves of vertical and lateral 
accelerations of the vehicle are shown in Fig. 10 and 
Fig. 11. 

As can be seen from Fig. 10 and Fig. 11, the 
vertical acceleration of the vehicle increases with the 
increase of uneven settlement. When vehicle passes 
by No. 3 pier which settles down (corresponding 
2.35 s~3.24 s), the value of the vertical acceleration 
of the vehicle reaches maximum, indicating that the 
vertical acceleration of the vehicle will increase when 
uneven settlement exists. As to the lateral 

acceleration of the vehicle, the variety regulation 
with the increase of uneven settlement at different 
moments is different. The maximum value of lateral 
acceleration of the vehicle does not appear in the time 
period when the vehicle passes by No. 3 pier. This 
suggests that uneven settlement has great impact on 
the vertical acceleration of the vehicle while little 
impact on the lateral acceleration. 
 
 

 
 

Fig. 10. Time-history curve of vertical acceleration  
of vehicle. 

 
 

 
 

Fig. 11. Time-history curve of lateral acceleration  
of vehicle. 

 
 

The maximum values of vertical and lateral 
accelerations of the vehicle under different conditions 
are shown in Table 6. 
 
 

Table 6. Maximum values of vertical and lateral 
accelerations of the vehicle. 

 

Conditions 

Vertical 
acceleration 
of the vehicle 

(m/s2) 

Lertical 
acceleration 
of the vehicle

(m/s2) 
Uneven settlement 0 mm 0.106 0.060 
Uneven settlement 5 mm 0.108 0.044 
Uneven settlement 10 mm 0.111 0.059 
Uneven settlement 15 mm 0.121 0.060 
Uneven settlement 20 mm 0.166 0.060 
Uneven settlement 25 mm 0.218 0.059 
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It can be seen from Table 6 that the vertical 
acceleration of the vehicle increases with the increase 
of uneven settlement of bridge piers. The value when 
uneven settlement is 0 mm is 0.106 m/s2 while it is 
0.218 m/s2 when uneven settlement is 25 mm, the 
latter increasing by one time than the former. Lateral 
acceleration of the vehicle does not increase when 
uneven settlement increases. 

According to Railway Vehicles-Specification for 
Evaluation the Dynamic Performance and 
Accreditation Test (GB5599-85), the vibration 
acceleration of railway passenger car should meet the 
following requirements: 

 
 





≤
≤

Lateralga

Verticalga

1.0

13.0 , (3) 

 
It can be seen that although the vertical 

acceleration increases with the increase of uneven 
settlement, the values are within the safe range 
specified in Equation 3. 
 
 
4.2. Influence Analysis on Running Safety 
 

Running safety indicators that calculated under 
different conditions are shown in Table 7. 
 
 

Table 7. Calculated results of running safety indicators. 
 

Conditions 
Derailment 
coefficient 

Rate of 
wheel load 
reduction 

Uneven settlement 0 mm 0.166 0.435 
Uneven settlement 5 mm 0.162 0.483 
Uneven settlement 10 mm 0.164 0.485 
Uneven settlement 15 mm 0.167 0.491 
Uneven settlement 20 mm 0.170 0.496 
Uneven settlement 25 mm 0.173 0.504 

 
 

It can be seen from Table 7 that derailment 
coefficient and rate of wheel load reduction both 
have increasing trends with the increase of uneven 
settlement. The value of derailment coefficient when 
uneven settlement is 0 mm is 0.166 while it is 0.173 
when uneven settlement is 25 mm, the latter 
increasing by 4.2 % than the former. The value of 
rate of wheel load reduction when uneven settlement 
is 0 mm is 0.435 while it is 0.504 when uneven 
settlement is 25 mm, the latter increasing by 15.9 % 
than the former. This indicates that uneven settlement 
has some impact on running safety. 

According to Railway Vehicles-Specification for 
Evaluation the Dynamic Performance and 
Accreditation Test (GB5599-85),derailment 
coefficient and rate of wheel load reduction of the 
vehicle should meet the provisions listed in Table 8. 

Comparing the calculated safety indicators in 
Table 7 with the safety standards in Table 8, values 
of derailment coefficient and rate of wheel load 
reduction both are less than the safety limit although 

they increase under differential settlements. It is thus 
clear that uneven settlement has a certain impact on 
running safety. But when the value of uneven 
settlement ≤ 25 mm, no safety problem will happen 
and then the operation safety is ensured. 
 
 

Table 8. Safety standard of running safety indicators. 
 

GB5599-85 
First limit 

(Danger limit) 

Second limit 
(allowable 

limit) 
Derailment 
coefficient 

≤1.2 ≤1.0 

Rate of wheel 
load reduction 

0.65 0.60 

 
 

It is indicated from the calculation in section 3 
and 4 that the tension of the first group of fastenings 
on left and right sides of the beam end has exceeded 
the toe load of DTVII2 fastenings when uneven 
settlement reaches 15 mm, which may cause the 
elastic rod to fracture. The dynamic stress of rail 
above the sunken pier has exceeded the allowable 
stress of CHN60 rail when uneven settlement reaches 
25 mm, causing the rail to yield with great 
possibility. But running stability and safety still meet 
the requirements specified in the standard when 
uneven settlement reaches 25 mm. It is thus clear 
from above mentioned results that the influence 
induced by uneven settlement is much greater on the 
mechanical characteristics of rail and fastenings than 
on running stability and safety, indicating that the 
factor that determines the limit of uneven settlement 
of bridge piers is fastening force and rail stress, not 
the running stability and safety. 
 
 

5. Conclusions and Suggestions 
 

A static analysis model for researches on the 
mechanical behaviors of track structure under the 
action of uneven settlement alone and a dynamic 
analysis model for researches on mechanical 
characteristics of track structure and running stability 
and safety under the combined action of uneven 
settlement and the dynamic train load are established 
using ABAQUS finite element program. Conclusions 
and suggestions are as follows: 

1) The influence range of uneven settlement on 
fastenings is 10 groups of fastenings on both sides of 
the beam joint. Among them the influence on the first 
group of fastenings is the largest and the fastening 
force is tension. With uneven settlement increasing, 
the tension of the first group of fastenings increases. 
When uneven settlement reaches 15 mm, the tension 
has exceeded the toe load of DTVII2 fastening. It is 
proposed that fastenings at this position should be 
replaced by fastenings with larger crimping force. 

2) The influence area of uneven settlement on rail 
stress is within the range of 15 m on both sides of the 
beam joint. The larger differential settlement is, the 
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larger rail stress will be. The dynamic stress of rail 
has substantially exceeded the allowable value of 
CHN60 rail when uneven settlement is 25 mm. 

3) Uneven settlement has a certain impact on the 
vertical acceleration of the vehicle while little effect 
on the lateral acceleration. With the increase of the 
amount of differential settlement, the vertical 
acceleration of the vehicle increases, but far less than 
the specification limit. 

4) Derailment coefficient and rate of wheel load 
reduction have increasing trends with the increase of 
uneven settlement, indicating that uneven settlement 
has a certain impact on running safety. But compared 
with the specification limits, the safety indicators  
are within the safe range and no safety problem  
will happen. 

5) The influence induced by uneven settlement is 
much greater on the mechanical characteristics of rail 
and fastenings than on running stability and safety, 
indicating that the factor that determines the limit of 
uneven settlement of bridge piers is fastening force 
and rail stress, not the running stability and  
safety. Although Code for Design of Metro  
(GB 50157-2003) specifies that uneven settlement 
between adjacent piers should not exceed 20 mm, the 
monitoring of fastening force and rail stress should 
be strengthened when uneven settlement reaches 
15 mm in order to protect track structure  
from damage. 
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Abstract: The top priority of car-tire suppliers is to improve wetland grip force of the using tires, reduce the 
rolling resistance and the rolling noise of tires. It is urgent for the tire industry to research and develop high-
performance tires to solve the above problems. They must use the high-performance synthetic rubber and 
auxiliary rubber to develop the most advanced manufacturing technologies and equipment. Silica, a kind of 
important tire auxiliary rubber, can significantly reduce the rolling resistance of tires, improve the grip force and 
properties resistant to ice, wetness or slippery of tires. In this paper, based on the conventional tire rubber 
forming technologies of extrusion, dewatering, drying and expanding, a study is made on the conical screw, the 
dewatering barrel, the drying barrel, the pin layout scheme, the expanding die head, cutter and the control 
system. The nonlinear pin rubber forming equipment integrating the functions of extrusion, dewatering,  
drying and expanding is designed and applied to tire auxiliary rubber forming. The experiment shows that the 
forming device can realize the one-step forming, with high forming efficiency, low cost and less labor.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Pin extruder, Tire auxiliary rubber, Integral forming, Expansion, Dewatering, Drying, Expanding. 
 
 
 
1. Introduction 
 

Recently, with the increase of car amounts and 
rapid development of the highways, more efforts 
should be made to improve the safety of tires as such 
problems as tire blowing-up because of heat on the 
highway, the grip or wearing resistance of tires in 
harsh conditions, rolling resistance and duration of 
the tires, and these problem have become more and 
more serious. The first priority should be given to 

improve the wetland grip force of tires and lessen 
their rolling resistance and rolling noise. It is urgent 
for the tire industry to research and develop high-
performance tires to solve such problems. For the 
purpose of manufacturing high-performance tires, the 
manufacturers should develop high-performance 
synthetic rubber and auxiliary rubber, enhance the 
security of tires, and they must develop high-
performance materials, the most advanced 
manufacturing technology and equipment [1, 2]. 
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Silica, an important tire auxiliary rubber, can 
significantly reduce the rolling resistance of tires and 
improve their grip, ant-icing and anti-wet-skidding 
capacity when it is used for manufacturing tread 
rubber. Because of high cost, Chinese tire enterprises 
rarely apply silica auxiliary rubber in tire production. 
If so, auxiliary rubber is just added directly without 
any expansion auxiliary, so the effect is greatly 
limited. At present, the tire rubber forming 
technology in China mainly includes extruding-
dewatering, drying-expanding segment forming. An 
extruding-dewatering machine and drying-expanding 
machine are required for the production which is low 
productivity and high costs. There is much 
improvement space in the development of expanding 
equipment for tire auxiliary rubber. This paper is 
aimed to explore the integral forming technology for 
silica extrusion, drying, watering and expanding, and 
design a kind of nonlinear pin rubber integral 
forming equipment for extrusion, drying, watering 
and expanding. As a result, one-step forming can be 
achieved by just one set of such equipment, which is 
characterized by high forming efficiency, less energy 
consumption, low cost, small occupation area  
and less labor. It fills the gap in tire auxiliary  
rubber forming. 

The application of extrusion technology for 
producing dewatering, drying and expanding 
equipment has a long history. As early as in the 
1970s, extruders were applied in the rubber industry 
in Britain. In early 1960s, Anderson Corporation in 
the UK invented an expander applicable for 
processing oil raw materials. In the mid 1980s, they 
invented an annular gap expander which attracted 
much attention to people who were from the 
developed countries in Europe or the USA (They put 
much emphasis on feed hygiene and safety). The 
annular gap expander was very popular with high-end 
users in the feed industry. In recent years, they also 
launched an OEE Carle extruder, the die head of 
which is mounted in a hydraulic piston, totally 
different from the traditional extruders. The die head 
can freely stretch out or into the mouth of the 
extruder through accurate controlling in the process 
of operation. The die head can be dismantled or 
replaced effectively through hydraulic pressure. 
Compared with ordinary extruders, the extruder is 
easier to operate because it is easy to start and can 
rapidly release pressure in case of material blocking. 
The cutter head is equipped with a separate driving 
device, so the cutter head can keep in the original 
position when the die head is replaced. The machine 
is also equipped with a friction disc and a container 
with vapor interlayer. The empty die can start without 
adding any water when production begins, resulting 
in less waste of materials. The new technology of the 
Wenger Corporation in single or twin screw extruders 
is that the spiral components of the machine were 
designed with mixed spiral protrusion which can 
endure greater shear force and hybrid force. The 
homogeneous spiral components have improved 
mixing effects [3-6]. It is reported that the  

Q-88-8C-18 screw dewatering extruder manufactured 
by the French Oil Mill in the USA is the largest 
dewatering extruder overseas. The Q-88-8C-18 screw 
dewatering extruder is mainly composed of the 
following three components: screw, cylinder cage-
shaped shell and cone. The screw shaft and output 
shaft of the reducer are linked together by flexible 
coupling [7]. 

The developed countries in Europe and America, 
such as the USA, the UK, Germany and Japan, have 
long dominated in manufacturing the forming 
equipment for extruding, dewatering, drying and 
expanding rubber. They have realized the integration 
of drying, expanding, extrusion technologies, and 
have developed relevant integrated machine with 
excellent performance and reliability. American 
FRENCH Company is a supplier specializing in the 
production of rubber dewatering extruder. The 
dewatering extruders applied in the assembly line 
which can process 50, 000 tons of rubber per year in 
Daqing Petrochemical Company were manufactured 
by American FRENCH Company. The working 
principle of a dewatering extruder is as follows: 
rubber particles containing 35 %-50 % of water 
which generate from the second vibration dewatering 
screen are conveyed to the mouth of the dewatering 
extruder by the screw drive. In the conveying 
process, the water in the wet materials is extruded out 
from the cage-shaped gaps of the shell of the 
dewatering extruder. As a result, the water content of 
the materials at the mouth of the dewatering extruder 
drops to 8 %-12 %. The dewatered materials are 
extruded out by the cone, and conveyed to the drying 
expander (M-304) for expanding and drying 
processing. The water content of the materials at the 
mouth of the dewatering extruder can be controlled 
by adjusting the openness of the cone [8-10]. China 
was later than most developed countries in Europe 
and America in manufacturing equipment for rubber 
extruding, dewatering, drying and expanding, so 
there is a big gap in this aspect between China and 
developed countries in Europe and America. It is 
generally hard to realize process integration and 
relevant process theories, and equipment still remains 
to be further studied. At present, only Dalian 
Tiansheng General Machinery Co., Ltd under 
MESNAC has successfully tested whole-line forming 
equipments for manufacturing isoprene rubber [11]. 
 
 

2. Conical Screw Design 
 

If the traditional technologies of extrusion, 
dehydration, drying, expanding are integrated 
together, screws are required to provide sufficient 
back pressure to ensure the follow-up process have 
enough pressure for expansion forming. Conical 
screw is shown in Fig. 1, in this paper, the high-speed 
conical screw is designed to solve the above problem, 
while the problem of transmitting pressure is solved 
by the two projects of improving the screw speed and 
the conical screw design. The project of high-speed 
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conical screws has brought new difficulties to the 
design and manufacture of screws. Considering the 
problem of rubber leakage caused by high speed 
screws, the lead of traditional conical screw was 
optimized. This problem can be effectively solved 
with the project of small lead design. 

The major processing materials for the products 
in this paper are tire rubber and its auxiliary rubber 
which cause more serious wearing of the crews than 
ordinary plastic or chemical fiber raw materials. In 
addition, the screw speed can be as high up to 
250 rpm, about as 4 times as that of an ordinary 
plastic & chemical fiber machine. The faster speed 
wills promote the wearing of the screws. With regard 
to the wear problem of screw in the process of high-
speed forming, this work adopts the project of 
sectional-type screw design. The screws are conical 
design and the nickel double metal coating 
technology is adopted to ensure the wear-resistance 
of products. Because of the insufficient hardness of 

traditional nitriding process and its limited resistance 
to high temperature and corrosion, the coating 
technology is adopted. Thus the traditional screw 
nitriding steel 38CrMoAl is no longer used. The 
hardness of the hardened layer of the double metal 
screw is HRC55-62, while its depth is 1.5-2.0 mm. 
The base adopts stainless steel 316L (Its chemical 
composition is shown in Table 1 and mechanical 
properties in Table 2) resistant to high temperature 
and corrosion. The selected material for the hardened 
layer is Ni60 (Its chemical composition is shown in 
Table 3) with better self-fluxing nature and excellent 
comprehensive performance including resistance to 
wearing, corrosion, high temperature and oxidation. 
The SDK die steel resistant to wearing and high 
temperature is selected for the screw head, which is 
undergone quenching heat treatment. Meanwhile, the 
screw edge of the barrel is coated with double metal, 
as effectively ensures the wear resistance and the 
reliability of the equipment. 

 
 

 
 

Fig. 1. Conical screw. 
 
 

Table 1. 316L Chemical composition. 
 

Material Chemical composition % 
 C Si Mn P S Ni Cr Mo 

316L ≤0.03 ≤1 ≤2 ≤0.035 ≤0.03 10-14 16-18 2-3 
 
 

Table 2. 316L Mechanical properties. 
 

Material Density g/cm3 Melting point °C Yield strength MPa Tensile strength MPa 
316L 7.93 1375-1450C 170 485 

 
 

Table 3. Ni60 Chemical composition. 
 

Material Chemical composition % 
Density 
g/cm3 

Hardness 
HRC 

Melting 
point °C 

 C Cr B Si Fe Ni    
Ni60 0.6-1.0 14-17 2.5-4.5 3-4.5 ≤15 Balance 7.5284 55-62 1027 

 
 
3. Design of Dewatering Barrel 
 

Dewatering barrel and screw are combined to 
complete such functions as melting, extrusion, 
dewatering and back pressure establishing. There is a 
great deal of water in the auxiliary rubber materials 
of tires. Most of them are dewatered via the extrusion 
function of barrel and screw. The dewatering barrel is 
a core component of equipments for rubber finishing. 

As shown in Fig. 2, since the dewatering barrel 
cannot complete such functions as melting, extrusion, 
dewatering and back pressure establishing without 

combining with the conical screw, the project of 
conical structure design also is used for the 
dewatering barrel. The common rubber extruders 
include hot-feed extruders, cold-feed extruders and 
pin extruders. Because of the requirements for 
dewatering and back pressure function, the structure 
of pin extruder is adopted in this work. Sever column 
pins are mounted in the barrel, which greatly 
improves the plasticizing property of rubber, the 
compactness of extruded products and the quantity of 
extrusion. Besides, the excreation temperature is so 
low that low-temperature extrusion can be realized. It 
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also has such advantages as good self-cleaning, 
convenient rubber replacement and meeting the 
requirements of various production processes. 

Just like the high-speed conical screw, there is 
also high temperature, high pressure and serious 
wearing for dewatering barrel in operation. The 
wearing problem of barrel can be solved through 
adopting the structure design that a sleeve is added 
inside the barrel. The service life of dewatering barrel 
can be extended by replacing sleeves of barrels. 
However, the integral forming equipment designed in 
this paper is only produced in small batches, so the 
whole barrel design should be adopted due to the 
potential after-sale problems. The screw edge, which 
is processed by wire cutting, is mounted on the 
circumferential plane inside the dewatering barrel to 
improve the shearing force of the barrel. As to the 
problem of barrel wear, double metal coating is used 
on the screw edge of dewatering barrel.  
 
 

 
 

Fig. 2. Dewatering barrel. 
 
 
4. Development of Component for Drying 

and Expanding 
 

There mains some water in the auxiliary rubber 
after the majority of the water in the materials are 
removed through extrusion and dewatering of screw. 
The remaining water is hard to remove just by 
mechanical technology, so it must be realized by the 
drying component. For the purpose of simplifying the 
process and structure, component for drying and 
expanding must be combined together. 
 
 
4.1. Design of Drying Barrel 
 

The drying function of drying parts is mainly 
realized by the method of heating the rubber melts. 
When the rubber melts are heated to a certain degree, 
water and other small molecular substances are 

gasified and separated out through screw edge of the 
barrel. Because the main functions of drying parts are 
drying and expanding, the barrel is designed with 
traditional cylindrical structure and also adopted the 
integral structure and double metal coating. 

Different from the traditional plastic, chemical 
fiber raw materials, auxiliary rubber for tires is more 
sensitive to temperature. As a result, too high 
temperature may result in rubber burning. The barrel 
must be heated by appropriate thermal media instead 
of the traditional method of resistance wire  
direct heating.  

The regular thermal media are oil and water, 
because drying barrel needs gasifying water 
molecules, the heating temperature is not high 
enough in the case of water as a medium. Thus, oil is 
used as a medium of heating in the present work. As 
far as structure, the oil grooves, screw edge and pin 
holes are arranged to stagger each other. For the ease 
of machining, the oil grooves adopts the structure of 
straight grooves and is processed by wire cutting. In 
order to realize continuous heating, oil grooves are 
circular-closed structure, and the circulation of oil 
grooves is realized by linking the oil grooves to the 
barrel channel. To facilitate the oil flow and 
temperature control, the barrel is designed into two 
sections. There is a bigger lead angle in the drying 
barrel to facilitate the installation and debugging  
of screws. 
 
 
4.2. Optimization of Pin Layout Scheme 
 

The melts are directly output from the die via the 
barrel of expanding and drying. Then the expansion 
of rubber materials is realized by the sudden release 
of pressure. However, only one-time release of 
pressure is difficult to realize full expansion of all the 
rubber materials. Obviously, it influences the 
expanding rate, therefore some corresponding 
expanding functions should also be increased based 
on the drying component, and it needs pressure 
release one more. 

The conventional rubber forming machines are 
mainly in isometric pin layout, playing the major role 
of shearing the melts. Only a few manufacturers have 
adopted the scheme of geometric linear layout to 
arrange the pins, so as to increase the back pressure 
in addition to shear melts. As shown in Fig. 3, in the 
present work, the nonlinear scheme is adopted to 
arrange the pins, which is neither equidistant nor 
disproportionate.  
 
 

 
 

Fig. 3. Diagram of pin layout. 
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As a result, besides the above-mentioned 
functions, the pins have an added function of pressure 
release. The pressure can be repeatedly established 
and released in the drying and expanding process of 
auxiliary rubber melts. This can effectively enhance 
the expanding and the compression property  
of products. 
 
 

4.3. Design of Expanding Die 
 

The outlet of expanding die has an important 
influence on the specifications and expanding effects 
of products. The following points must be considered 
in design of expanding die. 

1) Convenience. 
The die should be easy to clean and replace. 
2) Flexibility. 
Flexibility should be considered in design of die 

head. Many products with different specifications and 
properties can be manufactured by changing dies 
based on different conditions and requirements of 
customers. Therefore, the die should be designed 
with replaceable flexibility.  

The die is of cylindrical structure, with a via hole 
in the middle to make the melts flowing out of the 
die. The via hole is cut with the drilling technology 
and is designed in a series to meet the different needs 
of customers. The die head made of stainless steel is 
to improve its property of corrosion resistance. 
 
 

4.4. Design of Cutter 
 

The main function of the cutter is to cut the 
auxiliary rubber extruded out by the die. The 
quantity, layout and cutting speed of the cutters 
determine the size and specifications of products. The 
cutters are made of stainless steel, which can improve 
corrosion resistance. The scheme of two-cutter 
symmetrical layout is adopted in this paper. The 
stepless-speed stepping motor is applied to deal with 
products with different sizes. 
 
 

5. Development of Control System 
 

The present work aims at developing nonlinear 
pin rubber integral forming equipment for extruding, 
dewatering, drying and expanding, and utilizing the 
equipment to process tire auxiliary rubber. As 

mentioned before, the tire auxiliary rubber is 
sensitive to temperature. The melts must be heated 
for the requirement of drying. Therefore the 
temperature must be under closed loop control. In 
this paper, PLC with excellent electromagnetic 
compatibility is used as the control system, which is 
mainly responsible for controlling the speeds of the 
main motor and of the cutter motor, and also for 
controlling the pressure and temperatures of the 
melts. The 220 KW three-phase asynchronous motor 
is used as the main motor.  The speed is adjusted via 
frequency control technology. In this paper, a reducer 
is still provided to guarantee the output torque and 
power in various working conditions. 

In addition, this work adopts the design scheme of 
the gear pump. At the extruding stage, the gear pump 
is mounted on the extruder to get stable and balanced 
rubber with high output and low temperature 
plasticization. The gear pump is driven by an 
independent motor, which can effectively overcome 
effect of the pressure pulsation and flow fluctuation 
from preceding step. The pressure pulsation at the 
outlet of the gear pump can be controlled within 1 %. 
What’s more, the output flow can be improved on the 
forming line, and the time for material shear and 
dwell within the extruder can be reduced. In this way, 
the technical bottleneck problem that flow fluctuation 
and pressure are difficult to control effectively and 
continuously can be solved fundamentally in the 
extrusion process. Thus, productivity and quality of 
products will be greatly improved. 

The assembly drawing for integral forming 
equipment is shown in Fig. 4. 
 
 

6. Experimental Verification 
 
6.1. Experimental Conditions 
 

Experimental equipment: JS120-110325 extruder 
(As shown in Fig. 5) manufactured by Zhoushan 
Dongbin Rubber Machinery Screw Co. Ltd. 

Screw diameter: Φ150-Φ300; 
Screw material: SDK die steel;  
Nickel-based bimetal screw with the base of 316L 

stainless steel and the material for the hardness layer 
Ni60; 

Motor power: 185 KW; 
Screw speed: 100 rpm; 
Forming rubber material: SiO2. 

 
 

 
 

Fig. 4. Assembly drawing of integral forming equipment. 
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Fig. 5. Integral forming equipment. 
 
 
6.2. Experimental Results 
 

The experimental results are shown in Table 4. 
 
 

Table 4. Experimental results. 
 

Items Results 
Yield of dry rubber kg/h 1500 
Speed of the cutter/min 1500 
The content of water in the rubber 
material at the mouth of the die head % 

25 

 
 

As shown in Table 4, compared with conventional 
forming equipment for tire rubber and auxiliary 
rubber, the integral forming equipment has such 
advantages as high efficiency and forming quality but 
a significant decrease in occupied area, labor force, 
power and cost. In addition, in the whole experiment 
process, the equipment runs smoothly, the extruder 
nozzle has normal pressure, and the pressure 
fluctuation is stable. Neither raw materials nor rubber 
burning have been found. All these show that the 
integral forming equipment meet the requirements of 
the technology. 
 
 

7. Conclusion 
 

The present design is aimed for manufacturing the 
nonlinear pin rubber forming equipment for tire 
auxiliary rubber, which can realize the one-step 
forming integrating extruding, dewatering, drying, 
expanding and other functions; 

The nonlinear scheme is adopted for pin layout. 
Compared with the traditional scheme of isometric or 
geometric linear pin layout, the pins have the 
function of pressure release in addition to its 
functions of shearing melts and establishing the back 
pressure. In this way, the melts of auxiliary rubber 
can realize repeated pressure formation and release in 
the drying process, which effectively promotes the 
expanding properties and compression of products; 

The screw of the extruder adopts the scheme of 
conical screw design, and the problem of back 
pressure of the integral forming technology is solved 
by increasing the speed of screw rotation. The 
scheme of sectional screw design also adopts. The 
nickel double metal coating technology is applied for 
the screws while the SDK die steel resistant to high 
temperature and wearing is used for manufacturing 
the screw head to ensure the wear resistance; 

The dewatering barrel adopts a conical structure, 
while the drying barrel adopts the sectional 
cylindrical structure design. Both the dewatering 
barrel and the drying barrel use double metal coating 
to improve their wear resistance; 

A gear pump is mounted at the extrusion stage of 
the extruder. The gear pump is driven by an 
independent motor, which can effectively decrease 
the pressure and flow fluctuations from preceding 
step. It can solve the technical bottleneck problem 
that the pressure and flow fluctuation are difficult to 
control effectively and continuously in the process. 
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Abstract: Deep foundation pit will cause settlement of surround buildings in the process of excavation. When 
the settlement is excessive, it will give rise to safety issues. Subsidence monitoring has become an important 
measure to ensure the safety of deep foundation pits. But in current subsidence monitoring engineering, the costs 
of wiring, unwiring and installation are particularly high. This paper proposes a portable wireless data 
transmission device in forecasting and early warning of settlement deformation of soils around deep foundation 
pits. We solve the problem by adopting the means of wireless communication to replace the cable transmission 
link part. The device does not rely on any personal computers. Instead, it can directly deal with the collected 
data through grey prediction GM (1, 1) mathematical model, neural network and interpolation model to give 
short-term, medium-term and long-term forecasts, respectively. Additionally it is able to set a threshold value. 
Once the forecast data reach the threshold, the device can issue alert and achieve the target of reminding 
technicians, so as to provide reliable basis to prevent and reduce disasters. Copyright © 2014 IFSA  
Publishing, S. L. 
 
Keywords: Portable, Wireless, Subsidence, Prediction, Deep foundation. 
 
 
 
1. Introduction 
 

Urban space becomes increasingly limited with 
the rapid development of economy and urbanization. 
To alleviate the restrictions, people continually 
design buildings up into the air and down into the 
underground. At the same time, underground space 
and facilities with various functions have been 
developed extraordinarily, which forms the trend of 
three-dimensional development for urban buildings. 
Deep foundation pit is a very complicated and 
important portion in structural engineering. Its 
stability is not only correlated to the safety of upper 
main structures, but also affects the deformation of 
surrounding buildings. If the surrounding buildings 
experience large amount of settlement, it will give 
rise to safety issues. For example, on May 8, 2010, 

three adjacent dormitory buildings and aisles cracked 
to different extent when a deep foundation pit of 
underground parking lot was being excavated [1]; On 
October 17, 2013, the construction of a deep 
foundation pit led to excessive settlement of the 
foundation. Consequently, five buildings in the front 
of the foundation were all damaged, such as some 
wall cracked, some roof leaked, etc. [2]. 

The occurrence of these accidents, on one hand, is 
due to soil conditions and construction technology 
etc, on the other hand, is owing to lack of warning 
and control system appropriately established on site. 
At present, most construction sites of deep 
foundation pits have had the instruments and 
equipment monitoring subsidence, while are lack of 
the device predicting subsidence and issuing early 
warning. When technicians find that the deformation 
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of deep foundation pits reaches the specified 
threshold, it has already been helpless at this time. 
Additionally, geotechnical engineering itself is very 
complicated where the characteristics of most soils 
are uneven. As a result it is hard to accurately grasp 
the geological formation and does not have accurate 
quantitative results for the stability of foundation pit, 
the internal force and deformation of retaining 
structure, or the impact of surrounding strata 
displacement on buildings and underground pipelines 
and corresponding protection analysis. The 
mechanical properties of soils are also difficult to be 
comprehensively reflected in engineering 
calculation [3], such as large amount of soft clay in 
the soft soil area in Tianjin, which have the properties 
of creep, relaxation, flow, and long-term rheological 
properties. So the theory of the foundation stability 
and structure deformation has considerably 
limitations in engineering practice. When large scale 
finite element software is employed to simulate the 
subsidence, it is difficulty to choose a reliable 
mechanical model as well as mechanical parameters 
that are in line with the actual situation. But if the 
deformation of buildings surrounding deep 
foundation pit is deemed as a system engineering [4], 
by using the construction monitoring data to predict 
the trend of deformation, the above mentioned 
problem can be solved to some extent and 
consequently it can improve the supervision of 
construction process and ensure the safety of deep 
foundation pit. 

At present, the method of data transmission via 
cable is used in monitoring the deformation of deep 
foundation pit and surrounding buildings during the 
excavation process. This method has advantages of 
efficiency and good accuracy in data transmission 
and it is also a well established technology. However, 
with the increasing excavation depth of deep 
foundation pit, numbers of sensors and amount of 
cables required dramatically increase and workload 
of cable connection and disconnection is laborious. 
This increases the test cycle, reduces the efficiency, 
and even leads to difficulty of wiring cables with 
thousands of meters. Numerous cables are chaotic 

and prone to be mistakenly connected, which can 
result in significant losses in later data process. 
Moreover, long cable has large resistance, which 
affects the sensitive coefficient of strain sensors. If no 
effective measures are taken to correct the error, it 
will lead to smaller test results which are unfavorable 
to the safety evaluation of the structure. Additionally, 
as test cycle of deep foundation pit is long, over night 
vigilance on site is required in order to prevent 
vandalism and theft [5].  

Along with the development of information 
technology, deep foundation pit engineering pay 
more and more attention to the method and 
technology of advanced monitoring. Monitoring 
technology is developing in the direction of 
systematic, remote distance, automatic, so as to 
realize real-time data acquisition and data analysis. 
People constantly improve the accuracy of data 
analysis and effectiveness of data feedback. But 
current methods of inspection need to collect data 
through connection of PC so as to process the data, 
especially for data forecasting and early warning 
analysis. If not, technical personnel face a large 
amount of data signal of real time monitoring and has 
to analyze their dynamic trend, which is an extremely 
complicated and time consuming process. This paper 
develops a kind of portable wireless data 
transmission equipment to facilitate settlement 
prediction of surrounding buildings and early 
warning analysis in construction of deep foundation 
pit. This device does not rely on PC and can directly 
deal with the data collected through grey prediction 
GM (1, 1) mathematical model, neural network and 
interpolation mathematical model to forecast. By 
setting a threshold value, the system can issue alert to 
remind technical personnel, when the collected or 
predicted data reach the threshold, so as to provide 
reliable basis for informatization construction as well 
as disaster prevention and reduction. This paper 
introduces the device from the perspectives of 
working principle and the principles of three 
mathematical models in forecasting and early 
warning analysis. The specific technical route is 
shown in Fig. 1. 

 
 

 
 

Fig. 1. Technical route. 
 
 

2. The Characteristics and Working 
Principle of Portable Wireless Data 
Transmission Equipment 

 

The portable wireless data transmission 
equipment can not only facilitate construction 

personnel to gain accurate construction data but also 
largely promote construction informatization. 
According to actual engineering demand, the wireless 
transmission equipment has the characteristics of 
small volume, low transmission power and good 
electromagnetic compatibility of sensor, security, 
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transport protocol standardization etc; The sensor has 
good performance in dustproof, waterproof, 
moisture-proof, anti-corrosion, mechanical shock 
resistance and other protective properties, and it also 
has the advantages of stable work, reliable 
performance, low failure rate [6].  

The specific working principle of the device is 
that the power is supplied by batteries; integrated 
circuit of 89S51 is adopted inside insulation panels; 
the goal of signal acquisition is achieved by 
collecting signal through the system of receiving 
circuit to the sensor; the signal is transmitted to the 
A/D converter and undergoes "noise" process by 

CPU, and then shows in the display. Two buttons of 
switch on and off are provided to control whether the 
display starts to work. By writing suitable program 
codes in the gray prediction GM (1, 1) model, the BP 
neural network and the interpolation model, the data 
can be processed and the goals of short-term, medium 
term and long term forecasts can be achieved 
respectively. Three buttons are set to control on and 
off of three programs and show the results in the 
display. Once the collected data or predicted data 
reach the threshold, a LED light turns red. On this 
basis, the integrated circuit is schematically shown in 
Fig. 2 [7]. 
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Fig. 2. The schematic diagram of the integrated circuit. 
 
 

3. The Principles of Three Prediction 
Models  

 
3.1. The Theory of Grey Prediction 
 

Grey prediction was proposed by Chinese 
researcher Julong Deng [8]. The model is suitable for 
small sample sizes and scarce information and is well 
applied to the short-term prediction of engineering. 
The specific procedure of the principle is: 

1) accumulation generation sequence 1( )X  is 
calculated as the following on the basis of the 

original sequence 0( )X , 
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2) On the basis of 1( )X , together with the method 
of least squares, the parameters of the model are 
determined as follows:  
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3) Establishing a prediction model to get 
incremental sequence: 
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4) Using residual analysis to check the model;  
5) Changing in the future according to the system 

to determine the upper and lower bounds of the 
predicted value and to determine the grey plane; 

6) Using model to forecast. The above prediction 
is based on the accumulation generation sequence 

1( )X . By using the reduction method, it can be 
originated to the prediction based on original 

sequence 0( )X . The specific flow chart is as shown 
in Fig. 3. 
 
 

Begin

The original sequences accumulate to get New 
sequences 

Using the least square method to determine the 
parameters of the model

Establishing the model for the prediction

Residual 
model test

disqualification

Prediction 
by the model 

qualification

End
 

 

Fig. 3. The flow chart of grey prediction. 
 
 

Part of Matlab core code is as follows: 
function pre=GM11(x) 
% x, Modeling sequence x=[x(1),x(2),...,x(n)] 
% pre is the prediction value which gets from the 

model of GM(1,1)，it is that  x get to x(n+1) 

n=length(x); 
x1=cumsum(x); 
z1=(x1(1:n-1)+x1(2:n))/2; 
Y=x(2:length(x))'; 
B=[-z1',ones(n-1,1)]; 
A=(B'*B)\B'*Y; % the parameter a, b become the 

Vector group in the model of GM(1,1) 
beta=A(2)/(1+.5*A(1)); 
alpha=A(1)/(1+.5*A(1)); 
% After the initial sequence x0 (k) to simulate the 

sequence of change with time t 
f=@(t)(beta-(alpha)*x(1))*exp(-(A(1)*(t-2))); 
pre=f(n+1); 

 
 
3.2. The Principle of BP Neural Network 
 

BP neural network is a nonlinear, multilayer 
feedforward, reverse recursive correction weight 
neural network. It has strong nonlinear mapping 
ability, self-learning adaptive ability, fault tolerant 
and generalization ability. It can learn mapping 
relationship, memorize the learned content in the 
network, perform automatic error correction and 
apply the learned results to new knowledge. The 
model view of BP neural network is a topology, 
including the input layer, hidden layer and output 
layer, among which, the input layer and output layer 
are only one layer, while the hidden layer has 
multilayer [9]. Sample data get to the output layer by 
mapping with the hidden layer, and eventually are 
processed to get the output of the network. The flow 
chart of the BP neural network is as shown in Fig. 4. 
 
 

 
 

Fig. 4. The flow chart of BP neural network. 
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Matlab numerical simulation of prediction 
program is as shown below: 

% The following six lines is the core of BP 
network 

% They are a weight (threshold) on the basis of 
energy function principle of negative gradient 
descent for each step of the dynamic adjustment 

    Delta2=Error; 
    Delta1=W2'*Delta2.*HiddenOut.*(1-

HiddenOut);     
    dW2=Delta2*HiddenOut'; 
    dB2=Delta2*ones(SamNum,1); 
    dW1=Delta1*SamIn'; 
    dB1=Delta1*ones(SamNum,1); 
    % The weights between hidden layer and 

output layer and the threshold value 
    W2=W2+lr*dW2; 
    B2=B2+lr*dB2; 
    % The weights between input layer and hidden 

layer and the threshold value 
    W1=W1+lr*dW1; 
    B1=B1+lr*dB1; 
end 

 
 

3.3. The Principle of Newton Interpolation 
 

In practical engineering, functions are often 
established by using some isolated data. This method 
is called interpolation and is suitable for long-term 
prediction. It is assumed that )(xfy =  which has 

definition in ],[ ba , and the corresponding values at 

the valid points are: )( ii xfy =  (i=0，1…n). If 

there exists a simple function )(xP , in which 

ii yxP =)(  (i=0，1…n), )(xP is referred to as the 

interpolation function of )(xfy = . ix is called 

interpolation node. The interval including 
interpolation nodes is called interpolation interval. 

],[)( baPxP n∈ , namely, 
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where ia is real number and )(xP  is known as the 

interpolation polynomial. The corresponding 
interpolation is called polynomial interpolation. On 
this basis, Newton interpolation,  
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is implemented. Considering that errors may increase 
as the interpolation is raised to higher order due to 
"morbid matrix" of interpolation coefficients [10], it 
often uses quartic interpolation functions to meet the 
requirement of practical engineering. Specific 
procedure of the prediction is as shown in Fig. 5. 

 
 

Fig. 5. The flow chart of Newton interpolation. 
 
 

Part of Matlab core code is as follows: 
y0=[x1,x2,x3…xn]; 
% After wavelet noise monitoring data 
n=length(y0)    
% Number of days 
x0=1:n; 
A=polyfit(x0,y0,4);  
% Four times the interpolation 
y6=poly2str(A,'x0')  
% Newton interpolation polynomial function 
A333=polyval(A,i)  %  
The I day I predicted 
A334=polyval(A,i+1)…    
%the predicted value of i+1 day  
A335=polyval(A,i+j)    
% the predicted value of i+j day  

 
 
4. The Realization of Warning 
 

The increase of settlement greatly impairs the 
safety of the buildings surround deep foundation pits. 
It not only adversely influence on the surround 
environment, but also negatively impact against the 
property security. Therefore, it is particularly 
important to control the cumulative settlement. In 
order to promote the informationization construction, 
enable technical personnel on site to further 
understand and master the prediction methods, and 
more effectively control the settlement of buildings 
surrounding deep foundation pits, the appropriate 
programs are written, in which, the LED light will 
turn red to alert technical personnel once the 
monitoring data reach the threshold,. At this moment 
measures should be taken, when necessary, to reduce 
occurrence of losses. For the convenience of 
illustration, this paper writes it with the program code 
of VB [11] to demonstrate the realization of early 
warning. Part of the program code is as shown below.  
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Private Sub Command1_Click() 
Dim i As Integer 
Dim j As Integer 
Dim x(1 To 10) As Single 
Dim y(1 To 10) As Single 
Dim z(1 To 10) As Single 
For i = 1 To 10 
x(i) = Val(Text1.Text) + i 
y(i) = -8.7886 * 10 ^ (-9) * x(i) ^ 4 + 7.3186 * 10 

^ (-6) * x(i) ^ 2 - 0.0017891 * x(i) ^ 2 + 0.11268 * 
x(i) - 3.2106 

z(i) = Str(y(i)) 
Next i 
Text3.Text = z(1) & ";" & z(2) & ":" & z(3) & "; 

" & z(4) & ";" & z(5) & ";" & z(6) & ";" & z(7) & ";" 
& z(8) & ";" & z(9) & ";" & z(10) 

If Val(Text2.Text) >= 10 Then 
Label5.Caption = " Dangerous, please take 

measures " 
ElseIf Val(Text2.Text) <= 10 And 

Val(Text2.Text) >= 5 Then 
Label5.Caption = " Be careful ,it is close to the 

limit " 
Else 
Label5.Caption = "safety" 
End If 
For j = 1 To 10 
If z(i) > 10 Then 
Label5.Caption = " Dangerous, please take 

measures " 
End If 
Next j 
For j = 1 To 10 
If z(i) <= 10 And z(i) >= 5 Then 
Label5.Caption = "Be careful ,it is close to the 

limit " 
End If 
Next j 
For j = 1 To 10 
If z(i) < 5 Then 
Label5.Caption = "safety" 
End If 
Next j 
End Sub 

 
 

5. Conclusions 
 

With the development of high-rise buildings and 
infrastructures in modern cities, the sizes of 
foundation pits become not only wider and wider but 
also deeper and deeper. This raises great challenge to 
the safety of the surrounding environment. People 
pay more and more attention to the subsidence 
deformation of surrounding buildings during the 
excavation of deep foundation pits. Monitoring has 
become the important method to ensure the safety of 
buildings surround foundation pits. But in inspection 
and tests of deep foundation pits engineering, the cost 
of wiring, unwiring and installation is particularly 
high. In order to solve the problem, this paper 
develops a kind of wireless data transmission 

equipment which is based on the mathematical 
models of grey prediction GM (1, 1), neural network 
and the interpolation prediction to assist technical 
personnel analyzing deformation of the deep 
foundation pits. The device also has the function of 
early warning. Once the monitoring data arrive at 
specified thresholds, the LED lights can issue alarm 
signal to technical personnel, so as to provide reliable 
basis for informatization construction as well as 
disaster prevention and reduction.  
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Abstract: At first, necessity of pre estimation of number and coherence of waves in direction finding of 
multiple emitters was noted. Secondly, the theory of matrix decomposition approach of pre estimation of 
number and coherence of waves was studied and the computing steps of matrix decomposition approach were 
given. Thirdly, some simulation experiments of pre estimation of number and coherence of waves were done 
based on the simulation environment. The simulation experiments show that the pre estimation results basically 
reveal the real situation of the waves. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

In the past decades, the theory of space spectrum 
estimation has developed rapidly. Many direction 
finding approaches have been invented such as 
MUSIC algorithm, smoothing algorithm, ESPRIT, 
SVD, etc. Pre estimation of number and coherence of 
waves is important in the theory research of  
space spectrum estimation and in the practice of 
DOA finding. 

In this paper, the theoretical basis of matrix 
decomposition approach of pre estimation of number 
and coherence of waves was studied and the 
computing steps of matrix decomposition approach 
were given. In order to attest the correctness and 
validity of the approach, the simulation environment 
of pre estimation of number and coherence of waves 
was constructed based on .NET platform. Some 
simulation experiments were done based on the 
simulation environment. 

2. Necessity of Pre Estimation of Number 
and Coherence of Waves 

 
2.1. Necessity of Pre Estimation of Number  

of Waves 
 

In MUSIC algorithm to find the directions of 
multiple independent waves, it is necessary to 
estimate the number of waves. The estimation result 
will not only affect the uniform linear array size but 
affect the direction finding accuracy as well. 

1) Array arrangement need to pre-estimate the 
number of waves. 

On one hand, the number of antennas can not be 
too small. For finding the directions of K independent 
waves on the same frequency band, MUSIC 
algorithm will get a K-dimensional subspace SE  

which signal direction vectors are belong to and a 
signal zero space NE  with one-dimension at 

http://www.sensorsportal.com/HTML/DIGEST/P_2577.htm

http://www.sensorsportal.com
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least [1]. Thus, the sum of the dimensions of SE  and 

NE  should be 1+K  at least, so the order of the array 

covariance matrix is 1+K  at least, therefore the 
number of antennas must not be less than 1+K . 
Simulation results show that, if the number of array 
elements is less than 1+K , not only will some waves 
not be found, but also the measured directions are not 
the real directions of the waves. 

On the other hand, the number of antennas can 
not be too more. As is known, when the number of 
antennas gets larger, it becomes more difficult to 
arrange uniform linear array, because the factors 
which destruct the uniform of array increase. Non-
uniform of array will reduce the accuracy of direction 
finding. Meanwhile, the key of MUSIC algorithm is 
eigenvalue decomposition of the array covariance 
matrix. When the order of a matrix is N , the 
complexity of matrix eigenvalue decomposition is 

more than )( 3NO . If the order of a matrix doubles, 

the complexity of matrix eigenvalue decomposition 
will increase by more than eight times, it will  
require higher hardware equipment and longer 
computing time. 

Therefore, when we design the antenna array for 
direction finding, we have to arrange proper number 
antennae according to the number of waves, so we 
have to pre estimate the number of waves. 

2) Space division need to pre estimate the number 
of waves. 

In the ideal case, the array covariance matrix can 
be expressed as 
 

)]()([ tXtXER H=  

IAtSA n
H 2)()()( σθθ +=  

H
KKK

H eeee λλ ++= 111  
H
NNN

H
KKK eeee λλ +++ +++ 111 , 

 

where NKKK λλλλλλ ===>≥≥≥ ++  2121 . 

The K  larger eigenvalues are corresponding to 
signals and the corresponding eigenvectors span the 
subspace SE  which signal direction vectors are 

belong to, the KN −  smaller equal eigenvalues 
corresponding to the noise, the corresponding 
eigenvectors span the signal zero space NE . We can 

construct the spatial spectrum function according to 

NE  and gain 
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Scan the angle θ and observe the value of )(θP , 

the DOA can be found according to the peak 
positions of )(θP [2-6]. K is the number of waves 

which need not be pre estimated. 
However, we can't get )(tX  continuously in 

practice of direction finding, we can only sample 

)(tX  at a certain rate in a certain period, and then 

calculate the mean array covariance matrix according 
to M  samples of )(tX : ),,2,1()( MmtX m = . 

Because the number M  of samples is limited, there 
must be differences between the mean array 
covariance matrix and the actual array covariance 
matrix, so the small eigenvalues are not equal  
any longer. 

On the other hand, in order to process array 
signals, we always amplify and transform the signals 
received to make the amplitude large enough. 
Because the amplification and transformation of each 
antenna unit may lead in the channel noise, and the 
noise of one channel is not consensus with another 
channel, which makes the noise outputs of the array 
not be the stationary white noise, so the array 

covariance matrix is += 2
n

H
S AARR σ , the 

diagonal elements of the diagonal matrix   are not 
equal, then we can not get KN −  small equal 
eigenvalues after eigenvalue decomposition. If we do 
not know the number of waves in advance, we can 
not decide which eigenvalue corresponding to the 
noise and which eigenvalues corresponding to the 
signals from the eigenvalues directly, thus, we can 
neither divide SE  and NE , nor construct the spatial 

spectrum function. 
3) High resolution direction finding need to pre-

estimate the number of waves. If there are two 
independent waves which have same powers and 
almost same directions, the array covariance matrix 

pair ),( 2Σσ nR  will have two eigenvalues 

)2,1()1( =±= kNPk ρλ . Because the directions of 

two waves are almost same, that is 1≈ρ , one 

eigenvalue is close to 0, so the eigenvalue of the 
array covariance matrix corresponding to one signal 
may be smaller than the largest eigenvalue 
corresponding to noise [4]. In this case, even if we 
know the number of waves, we can not divide the 
signals and the noise by the eigenvalues; if we do not 
know the number of waves, it is more difficult to 
divide the signals and the noise. If we still divide the 
signals and the noise according to the eigenvalues, 
we shall make a mistake. 

Hypothesize there are two independent waves into 
the antenna array, which have same powers and 
almost same directions, and we have already known 
the number of waves is 2 through pre estimation. 
Although we can not divide the signals and the noise 
according to the eigenvalues, we still can find the 
directions of two waves. According to the 
literature [7], by selection of appropriate number 

)2( >KK , let 3=K , MUSIC algorithm is still 

effective. There will be a false peak on the spectrum 
curve, but two real signals can be separated, and the 
false peak can be removed with posterior source 
number decision algorithm. 

4) The effect of mistake pre estimation of the 
number of waves on direction finding. If the number 
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of waves K  decided to construct the space spectral 
function is not same with the actual number of waves 

0K , the peak number on the spatial spectrum curve 

will not equate to the actual number of waves. 
If 0KK < , KK −0 eigenvectors which ought to 

belong to SE  will be put into NE . In this case, 

),,1()( 00 KKKia i +−=θ  are not orthogonal  

with NE , there are no peaks appearing at  

=ii (θ  ),,1 00 KKK +− , leading to omission of 

DOA. Meanwhile, the other direction vectors )( ia θ  

),,1( Ki =  are not completely orthogonal with 

NE , the peaks deviate from the true directions  

of arrival, so the accuracy of direction finding  
is decreased. 

If 0KK > , the number of eigenvectors is 

expanded, peaks may appear at the direction without 
waves, resulting in false alarm. Here, we need to 
remove the false peaks with posterior source number 
decision algorithm. 

The above analysis indicates that, to improve the 
accuracy of direction finding, it is necessary to 
estimate the number of waves. 
 
 
2.2. Necessity of Pre Estimation of Coherence 

of Waves 
 

The MUSIC algorithm can find the directions of 
multiple independent waves with high precision and 
high resolution. However, it can not find the 
directions of coherent waves. In order to find the 
direction of coherent waves, we must implement 
processing to remove the coherence of waves. This 
shows that the approach used for independent waves 
and coherent waves are different among approaches 
of spatial spectrum estimation, therefore, we need to 
pre estimate coherence of waves, namely, we need to 
judge whether there are coherent waves in the 
presence.  

If there are coherent waves in the presence, we 
even need to estimate the distribution of the 
independent waves and the coherent waves [8]. 
 
 
3. Matrix Decomposition Approach 
 
3.1. Theory of Matrix Decomposition 

Approach 
 

The matrix decomposition approach to decide 
number and coherence of waves is mainly to 
calculate the rank of the array covariance matrix pair 

),( 2Σσ nR .  

It can obtain not only the number of independent 
waves, but also the number of independent waves and 
the number of coherent waves when there are 
coherent waves. 

Let the array covariance matrix be  
H

S AARR =  Σσ 2
n+ , the array covariance matrix 

pair is 
 

 H
Sn AARRR == ),( 2

0 Σσ , (1) 
 

Generally, we get the matrix R  rather than 0R . 

However, in the following cases, we can get 0R : 

1) The noise covariance matrix Σσ 2
n  is known, 

then H
Sn AARRR =−= Σσ 2

0 ; 

2) SNR is high, Σσ 2
n  is relatively small, R can 

directly replace 0R . 

Usually, we assume that one of above two cases 
occurs, that is 0R  has already been known. In this 

paper, we assume that the second case occurs. Now, 
let us pre estimate the status of waves by calculating 
the ranks of matrixes which are related to 0R . 

Write the formula (1) as 
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For an integer l ),,1,0( pNl −=  , row 1+l  to 

row pl +  of 0R  constitute a new matrix 
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There are 1+− pN  matrixes )(
0

lR  with order 

Np ×  in all. Construct 1+− pN  judgment matrixes 

according to )(
0

lR  
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Theorem If there is an integer 0l ）（ pNl −<0  

satisfying the following conditions: 
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the number of waves is K  [4]. 
The theorem implies that for an integer 0l , 

{ })( 0lWrank = ( ){ })(
0

)1(
0

)0(
0

0,,, lRRRrank  pK <= , if 

{ })(lWrank ( ){ })(
0

)1(
0

)(
0

)0(
0 ,,,,, 00 lll RRRRrank  +=  does 

not increase with the integer l  increasing from 0l , 

the number of waves is K . 
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3.2. The Steps of the Matrix Decomposition 
Approach 

 
According to the theorem, the steps of the matrix 

decomposition approach are as following. 
1) Calculate the array covariance matrix 0R  

according to the inputs of the array. 
2) Calculate the rank of 0R . Mark )( 0Rrankr = , 

 2/)( rNp += . 

3) Make a series of matrix 
)(

0
lR ,,1,0( =l )pN −  according to formula (2). 

4) Make a series of matrix  
)(lW  ,,1,0( =l )pN −  according to formula (3). 

5) Increase l  of formula ( ))(
0

)0(
0

)( ,, ll RRW =  

step by step, and calculate { })(lWrank . 

6) Judgment criterion is as following: 
(i) If there is an integer 0l ）（ pNl −<< 00  

satisfying the following conditions: 
 

{ } { } pKWrankWrank mll <== + )()( 00  

),,2,1( 0lpNm −−=  , 

 

i.e., if { })(lWrank  does not increase with the integer 

l  increasing from )0( 00 ≠ll , the number of waves is 

K, and there are coherent waves. 
(ii) If 00 =l , rK = , and the waves are 

independent. 

(iii) If { })(lWrank  increases until { } pWrank l =)(  

when the integer l  increases from 0l , we can not 

decide the number K  of waves by the array with N  
antennas, and 1−> pK . 

 
 
3.3. Notes 
 

1) At the case (i) of the judgment criterion, the 
number of waves is K , whereas the rank of 0R  is 

)( 0Rrankr = , so there are rK −  waves to be 

coherent with other waves. 
2) At the case (ii) of the judgment criterion, K  

waves are independent each other. 
3) At the case (iii) of the judgment criterion, the 

number and coherence of waves can not be decided 
by the array with N  antennas. The number N  
of antennas must be increased to get the  
accurate estimation. 
 
 
4. Simulation of Matrix Decomposition 

Approach 
 

The following simulation experiments are based 
on the communication countermeasure simulation 
software we developed [9]. The channel is additive 

white Gauss noise (AWGN), the array is uniform 
linear with 8 antennae, and the rank of matrix is 
gotten by Gauss elimination method with threshold. 

In the figures of simulation results, the 
parameters’ meaning are as following: N  is the 
number of antennas, )( 0Rrankr = ,  2/)( rNp += , 

)3,2,1,0()( )( == iWrankri i , )3,2,1,0(0 == iri  for 

program initialization. It is easy to get the judgment 
result in figures from these judgment parameters’ 
values according to the judgment criterion. 

Experiment 1. Pre estimation of two  
independent signals. 

Two simulated signals are pulse modulated 
signals of equal amplitudes. One signal is 2ASK 
modulated, and another signal is BPSK modulated. 
Two signals are independent because of different 
modulation modes. The threshold value to find the 
rank of a matrix is 0.00001. The result of pre 
estimation is shown in Fig. 1. The pre estimation 
result completely conforms to the actual situation. 
 
 

 
 

Fig. 1. The result of pre estimation of two  
independent signals. 

 
 

Experiment 2. Pre estimation of three 
independent signals. 

Three simulated signals are pulse modulated 
signals of unequal amplitudes. The first signal is 
2ASK modulated, the second is BPSK modulated and 
the third is QPSK modulated. Because of different 
modulation modes, the three signals are independent. 
The relative amplitude of the first signal is 1.0, the 
relative amplitude of the second is 0.5, and the 
relative amplitude of the third is 0.35. The threshold 
value to find the rank of a matrix is 0.00001. The 
result of pre estimation is shown in Fig. 2. The pre 
estimation result is correct. 

Experiment 3. Pre estimation of an independent 
signal and two coherent signals. 

Three simulated signals are pulse modulated 
signals of unequal amplitudes. The first signal is 
2ASK modulated, the second and the third are all 
BPSK modulated. Because of different modulation 
modes, the first signal is independent with the other 
two signals. Because of same modulation modes, the 
second signal is coherent with the third. The relative 
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amplitude of the first signal is 1.0, the relative 
amplitude of the second is 0.9, and the relative 
amplitude of the third is 0.2. The phase of the third 
signal delays 15° with respect to the second. The 
threshold value to find the rank of a matrix is 0.001. 
The result of pre estimation is shown in Fig. 3. The 
pre estimation result is correct. 
 
 

 
 

Fig. 2. The result of pre estimation of three  
independent signals. 

 
 

 
 

Fig. 3. The result of pre estimation of an independent 
signal and two coherent signals. 

 
 

Experiment 4. Pre estimation of two groups of 
coherent signals. 

Four simulated signals are pulse modulated 
signals of unequal amplitudes. The first and the 
second signal are all BPSK modulated, the third and 
the fourth signal are all QPSK modulated. The first 
signal is coherent with the second, and the third 
signal is coherent with the fourth. The relative 
amplitude of the first signal is 1.0, the relative 
amplitude of the second is 0.2, the relative amplitude 
of the third signal is 0.9, and the relative amplitude of 
the fourth is 0.3. The phase of the second signal 
delays 15° with respect to the first, and the phase of 
the fourth signal delays 37° with respect to the third. 
The threshold value to find the rank of a matrix is 
0.001. The result of pre estimation is shown in Fig. 4. 
The pre estimation result is nearly consistent with the 
actual situation; however, the number of waves 
estimated is more than the actual number of waves. 

 
 

Fig. 4. The result of pre estimation of two groups  
of coherent signals. 

 
 

5. Conclusions 
 

In the process of pre estimation of waves, our 
intention is to estimate number and coherence of 
waves fast, simply and roughly, to have a preliminary 
understanding of waves, in order to determine the 
size of the array and the corresponding algorithm. 
The estimation precision need not be high. We can 
increase the number of array antennas appropriately 
when we design the array. The number of waves can 
be estimated a little more, experiment 4 is such a 
case. In the process of direction finding, we can 
remove spurious peaks later by posterior source 
number decision algorithm. From this point of view, 
the result of experiment 4 is significative. 

There are many judging methods of number and 
coherence of waves, for example, AIC and MDL to 
determine number based on information theoretic 
criterion, smooth order column method, decision 
feedback method, and Gerschgorin radii method, etc. 
However, those methods need generally to estimate 
the angles jointly, i.e. we must pre estimate the 
angles of waves, and then estimate the number and 
the coherence of waves. If we use these complex 
methods to pre estimate the status of electromagnetic 
wave field, we will deviate from our intention of  
pre estimation. Therefore, we are not going to use 
those methods. 
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Abstract: System identification is the theory and methods of establishing mathematical models of the systems. 
As one of the key issues of system and control science, system identification has been widely applied to the 
design and analysis of the control system. Accordingly, system identification becomes one of the current active 
subjects. Currently, parameter estimation of the nonlinear system models is a very important problem in the area 
of system identification. In this paper, the parameter estimation problems of the nonlinear system models are 
converted into a nonlinear function optimization problem over parameter space initially. Then, the estimates of 
the nonlinear system model parameters are gotten by using a modified fish swarm algorithm. Finally, in 
simulation, the presented identification method is used to several different nonlinear systems, and the simulation 
results indicated that the presented method is feasible and reasonable. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Nonlinear system model, System identification, Parameter estimation, Optimization problem, 
Swarm intelligent algorithm. 
 
 
 
1. Introduction 
 

System identification is the theory and methods of 
establishing mathematical models of the systems. The 
field of the identification and process parameter 
estimation has developed rapidly during the past 
decade. At present, the identification theory of the 
linear system has been very mature [1-4]. To our best 
knowledge, in view of nonlinear systems widely exist 
in people’s production and life, one have plunged 
into researching them in the social sciences and 
natural sciences [5-10]. In research on the method of 
the nonlinear system identification, because many 
engineering objects are very complex, the 
identification methods of the nonlinear systems show 

remarkable advantage in the analysis of the 
engineering object.  

However, because of the inherent complexity and 
diversity of the nonlinear systems, the current 
research on the nonlinear far not reached the degree 
of maturity; it has not been fully revealed that the 
“essence problem” of nonlinear is contained behind 
the complex phenomenon. Thereby, the complex 
nonlinear object recognitions are still not well solved 
via the traditional identification methods; the 
identification of the nonlinear system is the main 
topics in the current international identification fields. 
Consequently, this paper puts forward a parameter 
identification approach for the nonlinear system 
based on the swarm intelligent algorithm.  

http://www.sensorsportal.com/HTML/DIGEST/P_2578.htm
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Creating a new swarm intelligent method creates 
a new branch in this field, which often catches 
scholarly interest. The fish swarm algorithm is a new 
population-based/swarm intelligent evolutionary 
computation technique proposed by Li et al. [11] that 
was inspired by the natural schooling behavior of the 
fish. Fish swarm algorithm presents a strong ability to 
avoid local minimums in order to achieve global 
optimization. It has been proofed in the function 
optimization [11], Parameter estimation [12], 
combinatorial optimization [13], least squares 
support vector machine [14] and geotechnical 
engineering problems [15], and among others. Of 
course, the fish swarm algorithm can be used to the 
field of the nonlinear system identification. 

In this paper, aim at the diversity of the nonlinear 
system models, a parameter estimation method, 
which is the same with a variety of the nonlinear 
system model, is proposed by using a modified fish 
swarm algorithm. Finally, three kinds of the 
nonlinear models are taken as the simulation 
examples to show the effectiveness of the proposed 
parameter estimation approach. 

The rest of this paper is organized as follows. The 
next Section describes the problem formulation for 
the nonlinear system models. In Section 3, we 
introduce a modified fish swarm algorithm with the 
particle swarm optimization algorithm. A parameter 
estimation method for the nonlinear system model is 
given in Section 4 based on the modified fish swarm 
algorithm. Section 5 presents the illustrative 
numerical simulations to illustrate the feasibility of 
the presented identification method. Finally,  
Section 6 summarizes the contribution of this paper 
and conclusions. 
 
 
2. Problem Description 
 

In this paper, general nonlinear system model can 
be expressed as the following form. 

 
 ),),(()( θttufty = , (1) 

 
where y(t) is the system output, u(t) is the system 
input, θ=(θ1, θ2, …, θk)T is the unknown parameter 
vector, the expression form of the function f is 
known, and u(t) is given. Moreover, the actual 
measurement values (y0(t), t=1, 2, …, n) of the 
system output y(t) are known. It is necessary that the 
parameter is estimated by using y0(t). 

To the purpose of estimation, the nonlinear 
system models, which are represented by Eq. (1), 
must satisfy the following assumptions. 

1) y(t) must be measurable; 
2) Each parameter must be related with the output 

y(t) of the system. That is to say, the parameters can 
be estimated based on the observed data. 

3) As long as the parameters are determined, the 
value of the system output y(t) can be obtained by the 
system simulation. 

4) The system dose not diverges in finite time. 
That is to say, the value of y(t) dose not tend  
to infinity. 
 
 
3. Modified Fish Swarm Algorithm with 

Particle Swarm Optimization 
 
3.1. Particle Swarm Optimization 

 
Particle swarm optimization [16, 17] is a swarm 

intelligence algorithm typically employed in 
numerical optimization problems that has gained in 
popularity in recent years due to its efficiency and 
effectiveness at addressing science and engineering 
problems. Similar to the genetic algorithm, particle 
swarm optimization is based on a randomly 
initialized population and searches for optimal 
generation-to-generation updating. Whereas objects 
in the genetic algorithm are called “individuals”, they 
are called “particles” in the particle swarm 
optimization. Each particle moves (flies) at a certain 
velocity. The velocity vector gives momentum to a 
particle, with the specific amount updated by the 
behavior of the two variables, i.e., the memory 
(cognitive behavior) and current perception (social 
behavior) for each particle. Given sufficient time 
(iterations), particles can be expected to flock to a 
place optimally suited to their needs. The 
aforementioned behaviors, fundamental to particle 
swarm optimization, are formularized as 
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x j x j v j+ = + + , (4) 

 
where i denotes the particle index; j the iteration 
index; and xi the particle position. Corresponding 
particle velocity is represented by vi. pbesti represents 
its own previous best position; gbest represents the 
previous best position of the entire swarm. In Eq. (2), 
the second term on the right hand side is a cognitive 
term and the third is a social term. c1 and c2 are the 
cognitive and social acceleration constants, 
respectively. r1 and r2 are two random variables 
generated uniformly within [0, 1], respectively. 
 
 
3.2. Fish Swarm Algorithm 
 

Fish swarm algorithm, first proposed in 2002, is a 
new population-based optimization technique 
inspired by the natural feeding behavior of fish. A 
fish is represented by its D-dimensional position  



Sensors & Transducers, Vol. 183, Issue 12, December 2014, pp. 293-299 

 295

Xi = (x1, x2, …, xk, …, xD), and food satisfaction for 
the fish is represented as FSi. This paper targets FS 
minimization. The relationship between two fish is 
denoted by their Euclidean distance dij =||Xi−Xj||. 
Another parameters include: visual (representing the 
visual distances of fish), step (maximum step length), 
and δ (a crowd factor). n is used to represent the size 
of the fish population. All fish try to identify 
locations able to satisfy their food needs using three 
distinct behaviors. These include 

1) Searching behavior. 
Searching is a basic biological behavior adopted 

by fish looking for food. It is based on a random 
search, with a tendency toward food concentration. It 
is expressed mathematically as 

 
 

,and

)1(1

ij

ij

k
i

k
jk

i
k
i

FSFS

XX

xx
SRxx

<

−
−

+=+
 (5) 

 
 )2(1 SRxx k

i
k
i +=+ , (6) 

 
where xi

k represents the kth element of fish position 
Xi. We randomly select for fish Xi a new position Xj 
within its visual. If the corresponding FSj is satisfied, 
Eq. (5) is then employed at the next position Xi+1. If 
FSj is not satisfied after try number trials, a random 
position within the step range will be directly adopted 
as Eq. (6). In the above equations, R(S1) and R(S2) 
represent random variables within [0, step] and  
[-step, step], respectively. 

2) Swarming behavior. 
Fish assemble in several swarms to minimize 

danger. Objectives common to all swarms  
include satisfying food intake needs, entertaining 
swarm members and attracting new swarm  
members. Mathematically, 
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A fish located at Xi has neighbors within its 

visual. Xc identifies the center position of those 
neighbors and is used to describe the attributes of the 
entire neighboring swarm. If the swarm center has a 
greater concentration of food than is available at the 
fish’s current position Xi (i.e., FSc < FSi), and if the 
swarm (Xc) is not overly crowded (ns/n < δ), the fish 
will move from Xi to next Xi+1, toward Xc. Here, ns 
represents number of individuals within the Xc’s 
visual. Swarming behavior is executed for a fish 
based on its associated Xc; otherwise, searching 
behavior guarantees a next position for the fish. 

3) Following behavior. 
When a fish locates food, neighboring individuals 

follow. Mathematically, 
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Within a fish’s visual, certain fish will be 

perceived as finding a greater amount of food than 
others, and this fish will naturally try to follow the 
best one (Xmin) in order to increase satisfaction (i.e., 
gain relatively more food [FSmin < FSi] and less 
crowding [nf/n < δ]). nf represents number of fish 
within the visual of Xmin. Searching behavior 
commences if following behavior is unable to 
determine a fish’s next position. 

Besides, the fish swarm algorithm should provide 
a bulletin that records the optimal state and current 
performance of fish during iterations. 
 
 
3.3. Modified Fish Swarm Algorithm 
 

The fish swarm algorithm visual provides local 
search attributes. A small visual restricts a fish to 
interaction with a relatively small number of 
companions. The fish swarm algorithm step limits 
maximum step length, with a small step limiting fish 
to searching a small area and increasing the risk of 
wasting time. The step values are set based on 
Euclidean distance calculations and are sensitive to 
fish swarm algorithm performance (refer to Eqs. (5), 
(7) and (8)). As settings are difficult, this paper 
employs the particle swarm optimization formulation 
to minimize the impact of the step factor. As a result, 
artificial fish are able to swim like a particle in the 
particle swarm optimization, subject to the visual 
factor, but not the step. All the fish swarm algorithm 
equations have been modified. 

1) Searching behavior 
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where φ3

k is the uniform random number within [0, 2] 
with a mean value of one. c3 is 2, and a uniform 
random number within [0, 1]. Xj is still a new 
position within Xi’s visual (same as fish swarm 
algorithm). Therefore, Eq. (9) uses the particle swarm 
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optimization formulae to releases step settings in 
Eq. (5). Since Eq. (9) is free to step, this paper further 
modified Eq. (6) as Eq. (10), providing such with a 
visual range. R(V1) is a random variable within  
[-visual, visual]. When step is smaller than visual in 
fish swarm algorithm, the modified fish swarm 
algorithm allows fish to swim for greater lengths than 
permitted by the fish swarm algorithm. Modified 
searching behavior is totally free to step. 

2) Swarming behavior 
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where the definition of φ4

k is the same as φ3
k and 

definition of Xc is same as that in the fish swarm 
algorithm. Modified swarming behavior is therefore 
free to step. 

3) Following behavior 
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where the definition of φ5

k is the same as φ3
k and the 

definition of Xmin is same as that used in the fish 
swarm algorithm. Modified following behavior is 
therefore free to step. 

This modified fish swarm algorithm is free of the 
step parameter of the fish swarm algorithm. All 
positions of Xj, Xc, Xmin, and the next position Xj are 
dependent upon visual only. The major advantage of 
this is to release a step parameter. 
 
 
4. Parameter Estimation Approach Using 

Modified Fish Swarm Algorithm 
 

The specific steps of the estimation procedure are 
as follows. 

Step 1. Parameter θ is taken as a fish. 
Step 2. Determine the fitness function: On the 

basis of knowing the values of the parameters, the 
system outputs y(t) can be obtained based on Eq. (1) 
from the simulation experiment. The purpose of the 
identification is to make the identification of the 
system output as close as possible the known system 
output true value, which should make these 
parameters corresponding to the fishes with a smaller 
fitness value. So we take the following criterion 
function as the fitness function [1]. 

 
  −=

t

tytyFS 2
0 )]()([ , (14) 

Step 3. Initialize the fish swarm: Let population 
size is n, initial position of fishes are randomly set in 
the range allowed, the individual extreme coordinates 
of each fish is set as the current position, and 
calculate the corresponding individual extreme (i. e., 
the individual’s fitness value), while the global 
extreme value (i. e., the global fitness value) is the 
best among the individuals’ extreme, record the fish’s 
serial number of the best value, and set the global 
extremum as the current best fish position, and  
many others. 

Step 4. Calculate the fitness value of each fish. 
Step 5. For each fish, its fitness value is compared 

with the individual’s extreme, if it is excellent, then 
the current individual extreme is updated. 

Step 6. For each fish, its fitness value is compared 
with the global extreme, if it is excellent, then the 
current global extreme is updated. 

Step 7. Each fish’s swarming behavior is carried 
out by using Eq. (12). 

Step 8. Each fish’s following behavior is carried 
out based on Eq. (13). 

Step 9. Each fish’s searching behavior is carried 
out according to Eqs. (9), (10) and (11). 

Step 10. If preset stop criteria (usually it is the 
maximum number of iterations or minimum error) 
dose not reach, then the procedure returns to Step 4. 
Otherwise, the procedure end, and the optimal 
parameter value θ of the nonlinear system model  
is obtained. 
 
 

5. Simulation Study 
 

In order to demonstrate the effectiveness of the 
presented identification method for the nonlinear 
system models, the following illustrative examples 
are given. 

Here, the MFSA represents the modified fish 
swarm algorithm, the FSA denotes the fish swarm 
algorithm, the PSO describes the particle swarm 
optimization algorithm and the GA represents the 
genetic algorithm. 

Example 1. Consider the following transfer 
function model. 
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We can see that this is a pure delay plus inertia 
segment model, where the identified parameters are 
the proportion coefficient g, the inertia coefficient a 
and the lag factor τ. 

Example 2. Consider the following state space 
model. 
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 ,1)0(1 =x  (18) 
 

 1)0(2 =x . (19) 
 
Example 3. Consider the following Hammerstein 

model. 
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and w(t) is a Gaussian white noise sequence with zero 
mean, standard variance σ=0.01. 

Although the above three cases is not the same 
form, but they can be attributed to the form of Eq. (1) 
through a certain transformation. In the simulation, 
the parameters of the identification algorithm are set 
as follows. The number of artificial fish n=30, the 
maximum step length step=150, the visual distances 
of fish visual=5, try number is 10, crowd factor 
δ=0.618, the trust parameters c1=c2=2, the maximum 
number of iterations tmax=50, the parameter Xmax=2, 
the maximal rate (boundary value) Vmax=2. In the 
Example 1, the initialized search ranges of the 
parameters are [3, 7]. In the Example 2, the 
initialized search ranges of the parameters are [0.3, 
1.3]. In the Example 3, the initialized search ranges 
of the parameters are [-1, 1.4]. 

The estimates of the parameters of the nonlinear 
system models by using the MFSA are shown in 
Tables 1, 2 and 3, respectively. In order to show the 
validity of the presented identification method, we 
further adopted the FSA (or PSO, or GA) to identify 
the parameters of the above mentioned nonlinear 
system models, respectively. And the simulation 
results are also given in Table 1, Table 2 and  
Table 3, respectively. 
 
 

Table 1. The estimates of Example 1. 
 

Parameters g a τ 
True values 6 2 4 
MFSA 6.0004 2.0008 3.9979 
FSA 5.9791 2.0012 3.8986 
PSO 5.9607 1.8975 4.0069 
GA 5.8891 2.0110 4.0102 

 
 

From the simulation experiment results of the 
Examples 1, 2 and 3, it can be seen that the estimates 

of the nonlinear system models parameters are 
obtained by using the MFSA are almost approximate 
to the actual values of the parameters. That is to say, 
the precision of the presented identification method 
by using the MFSA is remarkably high compared 
with other methods. 
 
 

Table 2. The estimates of Example 2. 
 

Parameters l1 l2 l3 l4 

True values 0.5 0.2 1.2 0.6 
MFSA 0.5010 0.1989 1.2021 0.5992 
FSA 0.4895 0.1877 1.1907 0.6029 
PSO 0.4927 0.2065 1.1884 0.5880 
GA 0.4869 0.2071 1.2060 0.5897 

 
 

Table 3. The estimates of Example 3. 
 

Parameters a1 a2 b1 b2 

True values -0.9 1.0 1.3 0.6 
MFSA -0.8986 1.0002 1.3011 0.5990 
FSA -0.8879 0.9769 1.2899 0.5966 
PSO -0.9035 1.0029 1.3102 0.5891 
GA -0.9033 0.8987 1.2879 0.6035 
Parameters c1 r1 r2 r3 

True values 1.2 0.8 0.5 0.2 
MFSA 1.1979 0.8011 0.5009 0.1985 
FSA 1.2076 0.8094 0.4880 0.1791 
PSO 1.1822 0.7793 0.5109 0.2100 
GA 1.2103 0.7899 0.4887 0.2054 

 
 

To our best knowledge, the above mentioned 
nonlinear system models have a certain 
representation in a variety of the nonlinear system 
model. Consequently, for most nonlinear  
system models, the proposed parameter identification 
method based on the modified fish swarm  
algorithm is effective and feasible from the above 
simulation results. 
 
 

6. Conclusions 
 

A parameter identification method for the 
nonlinear system model is proposed based on the 
modified fish swarm algorithm in this paper. 
Moreover, compared with other methods, the 
satisfactory identification results are gotten. In 
simulation, the results show that the modified fish 
swarm algorithm has the advantages of multi-point 
optimization, simple, easy and so on. In particular, 
due to it dose not depend on the model form in the 
search optimization process, it is widely used in 
various model parameter estimation. Accordingly, it 
is shown that the presented method is valid  
and reasonable. 
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Abstract: In this paper we study the HFM BOK (M-ary Hyperbolic Frequency Modulated-Binary Orthogonal 
Keying) modulation technology which is suitable for underwater acoustic communication. Under the guidance 
of the theory, we test the practicability of the system through MATLAB simulation. This system uses  
MFSK-MBOK cascaded technology and decreases the systematic calculated amount largely, in addition, the 
scheme has characteristic of constant envelope. Finally, an underwater acoustic communication system has been 
tested by sea experiments. The experimental results show that the system is able to achieve a robust and reliable 
communication under the conditions of low signal-to-noise ratio and strong multipath using passive time 
reversal mirror technology. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Underwater acoustic communication, HFM spread spectrum, Doppler effect, Passive time reversal 
mirror, Multipath. 
 
 
 
1. Introduction 
 

Shallow water acoustic channel is a very complex 
space-time-frequency varying channel, the inherent 
characteristics, such as extensive multipath, narrow 
bandwidth, low frequency and high ambient noise 
[1]. Acoustic signals propagate underwater at a speed 
of 1500 m/s, the speed is much smaller than the speed 
of electromagnetic wave, small fluctuations of the sea 
waves and relative movement of receiver-transmitter 
both will produce much larger Doppler frequency 
shift than common wireless communication. Besides, 
both multiple reflection, refraction of see surface, 
seabed and step gradient structure of acoustic 
velocity in ocean will cause extensive multipath in 
underwater acoustic channel and produce strong 
amplitude fluctuation, phase fluctuation [2]. 

Therefore, how to achieve a robust and reliable 
communication in complex and changeable 
underwater acoustic channel is a key problem in 
underwater acoustic communication area which is 
necessary to deal with. 

People take a variety of methods to improve the 
quality of underwater communication, and spread 
spectrum technology is applied to underwater 
acoustic communication, because it has strong anti-
interference ability, high concealment, and effective 
anti-multipath characteristic and can achieve well 
performance under the condition of low signal-to-
noise ratio. Frequently-used underwater spread 
spectrum technologies include FHSS and DSSS, the 
former has poor performance under the condition of 
long distance and low signal-to-noise ratio, it needs 
extra channel coding technology to improve its 
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performance; the latter is very sensitive to Doppler 
frequency shift, it needs strict synchronization and 
complex phase real-time tracking technology [3]. 

Faced with the shortage of traditional spread 
spectrum, researcher advice applying Chirp spread 
spectrum (CSS) technology to underwater 
communication [4]. CSS is different from FHSS and 
DSSS, it need not add pseudo random sequence, but 
uses frequency linearity characteristic of Chirp signal 
itself. Compared to traditional spread spectrum 
signal, Chirp signal has high processing gain and 
inner anti-interference characteristics, it also makes 
some progress in anti-Doppler frequency shift. These 
characteristics make Chirp spread spectrum 
technology applicable in communication of 
underwater acoustic channel, and related studies have 
also begun to enter the application stage. 

Hyperbolic Frequency Modulated (HFM) signal 
commonly used in active sonar has also begun to 
attract attention recent years [5], some studies show 
that it is more applicable than Chirp signal in solving 
Doppler frequency shift appeared in underwater 
acoustic communication. HFM signal not only has 
well correlation properties that Chirp signal possess, 
but also has Doppler invariance [6], it can improve 
the performance of underwater communication 
system in greater extent. 

Based on the ideas of designing CSS, this paper 
chooses HFM signal as modulating signal and 
designs a new spread spectrum technology using a 
passive time reversal mirror approaching, which has 
anti-noise, anti-multipath and anti-Doppler frequency 
shift characteristics. Compared to Chirp signal, HFM 
signal has better Doppler tolerance. 
 
 
2. HFM and PTRM Technology 
 
2.1. HFM and Chirp Signal 
 

Hyperbolic Frequency Modulated (HFM) signal 
is common sonar signal [7], it has better Doppler 
tolerance than Chirp signal. Especially in recent 
years, HFM signal becomes central issue in 
underwater acoustic communication, location and 
anti-submarine sonar areas because of its Doppler 
invariance. Practice has proved that transmitting or 
receiving HFM signal on moving platform, it has 
better detection capability than other signals [8]. 

The Frequency Modulated law of HFM signal is a 

hyperbolic function, supposed 1f  as start frequency, 

2f  as end frequency, T  as the range of time. We 

call signal with 1 2f f<  up-HFM and those with 

1 2f f>  down-HFM. A HFM signal can be written 

as 
 

( ) ( )1ln 1/
cos 2 0

kt f
HFM t t T

k
π

+ 
= < < 

 
, (1) 
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= + = − + 
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The instantaneous frequency changes with time t  in 

the form of hyperbolic in the range of [ ]1 2,f f . 

Fig. 1 shows the time domain waveform of HFM and 
Chirp signal which frequency start at 20 kHz and end 
with 30 kHz. Fig. 2 shows the time-frequency 
relationship of HFM and Chirp, the upper figure is 
Chirp and another is HFM. And Frequency spectrum 
of them is shown in Fig. 3. 
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Fig. 1. Time domain waveform of HFM and Chirp. 
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Fig. 2. Time-frequency relationship of HFM and Chirp. 
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Fig. 3. Frequency spectrum of Chirp and HFM. 
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2.2. Pulse Compression Characteristic 
 

HFM signal has similar pulse compression 
characteristic as Chirp signal, as shown in Fig. 3. Just 
as Chirp signal’s pulse compression characteristic, 
the main lobe width of the output of HFM signal in 
matched filter is 2 / B , the main lobe height 

is BT . HFM signal can replace Chirp signal to 
build communication system, its pulse compression 
characteristic is the basic condition. Besides, the 
HFM signal compared to the chirp signal has the anti-
noise, and the anti-multipath characteristics and 
better Doppler tolerance. 
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Fig. 4. Output of HFM self-correlation function. 
 
 

2.3. Doppler Invariance 
 

We assume that HFM signal occurs Doppler 
frequency shift during transmission. Similarly, 
supposing that the relative speed of receiver is v , 
acoustic speed is c , then the Doppler factor is 

1 /v cΔ = + . The instantaneous frequency of HFM 
signal becomes 
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where the phase is 
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Set time delay as
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From formula (3), we can get 
 

 ( ) ( )
r i

f t t f t− Δ = , (6) 
 

The above states that after occurring frequency 
shift, HFM signal exists a time delay tΔ  which 
makes signals after occurring frequency shift 
matched with original signals, this is Doppler 
invariance of HFM signal. 
 
 

2.4. PTRM Technology 
 

Passive time reversal mirror is implemented 
numerically at the receiver using the measured 
channel response which requires a channel probe 
transmission followed by the information-bearing 
signal [9], as shown in Fig. 5. And the passive time 
reversal technology can depress the multipath effect 
on MFSK-MBOK system and enhance the 
robustness. 
 
 

3. MFSK-MBOK Communication 
System Architecture 

 

The main idea of MFSK-MBOK is combining 
modulation and demodulation method with multiple 
BOK demodulation. Receiver used MFSK to select 
different frequency bands. Compared with MFSK-
MCrSK (Multiple frequency shift keying-multiple 
chirp-rate shift keying), MFSK-MBOK used FFT and 
matched filter to demodulation. And the limitation of 
MFSK-MCrSK system is that the structure of 
demodulation is quite complicated and the 
computation increases rapidly along with increasing 
the value of M. 

The following is the example of 4FSK-4BOK 
modulation and demodulation system, the block 
diagram of the system is shown in Fig. 6, and the 
upper part of the block diagram is the sender. Before 
modulated, the original data is been serial/parallel 
processed, and then modulation has the parallel data 
to HFM waveform. After that, the modulated data is 
transmitted into underwater acoustic channel through 
Hydrophone. The receiver will judge which the 
frequency band the data occupy according frequency 
spectrum after FFT transform. And then judgment 
block will restore the bits according to the frequency 
spectrum energy. 

 
 

 
 

Fig. 5. Block diagram of passive time reversal mirror. 
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Fig. 6. Block diagram of MFSK-MBOK system. 
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Fig. 7. HFM groups and their frequency spectrum. 
 
 

We supposed that the bandwidth of the 
communication system range from 10 kHz to 20 kHz, 
and the bandwidth will be divided into four sub-
bands of MFSK (10-12.5 kHz; 12.5-15 kHz;  
15-17.5 kHz, 17.5-20 kHz). And each sub-band will 
be modulated in HFM-4BOK. And the symbol time 
is 10 ms, and each symbol carriers 4 bits information, 
so the transmission rate of the system is 400 bps.  

As the scheme we proposed has in common with 
MFSK, receiver can judge which sub-band the 
receive data located by using FFT processing similar 
to MFSK. Based on the location of sub-band, 
receiver can demodulate the high bits of the symbol. 
Next, we use matched filters group to processing the 
receive data in order to get the low bits. Fig. 7 shows 
the FFT domain of four sub-band HFM signals. 

High bits of symbol determine which matched 
filters group is selected. And each matched filters 
group is equivalent to the demodulation block of 
single carrier HFM-4BOK that contains four parallel 
match filters. We can demodulate low bits 
information by judging the position of correlation 
peak. 

 

3.1. Multipath Effect on MFSK-MBOK 
System 

 

As the multipath effect means a time delay and 
maybe phase reverse to the original signal, each 
symbol time receiving data compound different 
segment of original data. Due to the multipath, Signal 
to Noise Ratio of cross-correlation of receiving and 
local data will be decreased, so the anti-noise 
performance will be degraded. In order to solve this 
problem, Passive time reversal mirror technology is 
adopted and it can depress the interference and 
improve SNR.  
 
 

4. Sea Experimental Verification 
 

Multipath effect is the most severe impact on the 
communication system in the shallow water acoustic 
channel. So the PTRM technology will improve the 
system robustness. 

The experiment site is shown as Fig. 8. In the 
figure, point A is the sender Hydrophone, and point B 
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is the receiver. We select the chirp signal to probe 
ocean acoustic channel, the result is shown in Fig. 9. 

 
 

 
 

Fig. 8. Ocean experiment site. 
 
 

 
 

Fig. 9. Ocean channel impulse response. 
 
 

We selected Chirp signal as probe signal, and 
output of cross-correlation of local Chirp and 
receiving signal is shown in Fig. 9. From the figure, 
we can see that the second path’s energy is close to 
the main path and the delay is quite short. 

Form Fig. 10 we can see that self-correlation of 
local HFM and receiving HFM function has be 
blurring as the channel has serious multipath effect, 
and this phenomenon may result in wrong judgment. 
As shown in Fig.11, the PTRM technology can 
depress the multipath effect on the cross-correlation 
and improve the SNR, so the PTRM technology can 
enhance the robust and anti-noise performance. 
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Fig. 10. Cross-correlation of receiving and HFM signal 
affected by multipath phenomenon. 
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Fig. 11. Cross-correlation after PTRM processing. 
 
 

Original photo is shown in Fig. 12. Fig. 13,  
Fig. 14 and Fig. 15 respectively show the receiving 
situation that SNR=-5 dB, -10 dB and -15 dB . 

So the experiment can verify anti-multipath 
feature of the HFM system. 
 
 

 
 

Fig. 12. Original photo. 
 
 

 
 

Fig. 13. SNR=-5dB, BER=0.1 %. 
 
 

 
 

Fig. 14. SNR=-10dB, BER=2.4 %. 
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Fig. 15. SNR=-15dB, BER=5.3 %. 
 
 

5. Conclusion 
 

In this paper we propose the HFM BOK 
underwater acoustic communication. The scheme 
have characteristic of constant envelope. The sea 
tests results show that the system is able to achieve a 
robust and reliable communication under the 
conditions of low signal-to-noise ratio and strong 
multipath combining with passive time reversal 
mirror technology. 

In the future, in order to increase the data rate, 
we plan to combine the phase modulation. In next we 
will concentrate on catching synchronous signal  
and make the system apply to a more obvious 
Doppler environment. 
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Abstract: In this work we present an adaptive holographic interferometry sensing system for measurement of 
nanoscale displacements of micro- and macro-objects. The system is based on using dynamic hologram 
continuously recorded in photorefractive CdTe crystal. Theoretical limit for displacement detection which can 
be provided by the system is 0.1 nm. It is experimentally demonstrated that system is able to detect a 
displacement from 0.7 nm up to 266 nm in linear regime. We also present theoretical model of adaptive 
interferometer operation which take into account a displacement speed. Due to its adaptive properties the 
measurement system can be used for inspection of sub-micro-scale objects with arbitrary shape and surface 
profile. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Nanoscale displacement, Adaptive interferometer, Dynamic hologram, Non-contact detection. 
 
 
 
1. Introduction 

 

Intensively growing in the last decade a research 
activity in the field of nanotechnology determines a 
need in precision measurements of ultra-small 
physical quantities such as the nanoscale 
displacements, vibrations, rotations and so on [1-2]. 
It, in turn, requires development of new highly 
sensitive and highly accurate measurement systems. 
Today the most perspective systems for such 
applications are systems based on non-contact optical 
methods of laser interferometry. Essentially, 
interferometry systems are the most sensitive 
instruments for detecting and measuring a wide class 
of physical quantities, including the parameters of 
displacement of objects [3]. However the high 

sensitivity of interferometer makes it open to an 
influence of external factors (e.g. fluctuation of 
temperature, air pressure, uncontrolled deformations, 
microseismic vibrations, etc.) which requires 
application additional approaches for stabilization of 
the system operation. In this relation different 
approaches based on using active stabilization [4-5], 
multiple wavelengths [6], tunable diffraction gratings 
[7] or optical feedback [8] were proposed. However 
all of them make a measuring system more 
complicated and introduce new sources of noise (e.g. 
noise from electronic control circuits) which limit the 
system sensitivity and narrow an application area. 

In this paper we propose a measurement system 
for nanoscale displacement measurement based on 
adaptive holographic interferometer using two-wave 
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mixing (TWM) [9-10] on dynamic hologram 
recorded in photorefractive crystal (PRC). The 
system has simple design, does not require any 
feedbacks or stabilization electronics, and operates at 
single wavelength. Adaptive properties of the system 
allow one to perform precise measurement of ultra-
small displacements and vibrations of an object 
under study in unstable environment. Moreover, 
displacement of not only macroscale but also 
microscale and sub-microscale objects can be 
inspected by the proposed system due to holographic 
principle of measurement. 

 
 

2. Nanoscale Displacement Detection 
System 
 
The developed adaptive detection system is 

shown in Fig. 1. The light beam from Nd:YAG laser 
generated radiation with output power 25 mW at 
wavelength 1064 nm is split onto two light beams - 
reference and object. 

 
 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 1. Scheme (a) and photo (b) of the adaptive 
holographic sensory system for displacements detection: 

λ/4 – quarter-wave plate, PD - photodetector,  
PRC - photorefractive crystal, S1 – beam-splitter. 

 
 
The latter is focused on the studied object, 

reflects from it and then is directed into the semi-
insulator photorefractive CdTe crystal. In the crystal, 
the object beam interferes with reference one and 
forms the dynamic hologram. The beams interaction 

on the dynamic hologram enabled transformation of 
transient phase change caused by object displacement 
into the intensity modulation, which is easily 
registered by photodetector [9].  

The dynamic hologram is recorded in a PRC 
during specific time called the recording time, tR. The 
recording time (which depends on the crystal and 
light intensity) define one of the main parameters of 
the adaptive interferometer – its cut-off frequency 
which determines ability of the interferometer to 
adapt itself to uncontrolled changes of environment 
[11]. For the intensity of the object beam equal to 
177 W/cm2, the cut-off frequency of the system 
amounted 1.2 kHz. This means that all vibrations and 
noises in the frequency range lower than 1.2 kHz 
(which cover most of industrial noises) would be 
filtered by the adaptive system and took no effect on 
results of measurement. 

The second important parameter of the system is 
the relative detection limit (RDL), δ, which used as a 
criterion of the system sensitivity. In fact, RDL is the 
ratio of the minimal phase modulation detected by 
adaptive interferometer, φA, to the minimum phase 
modulation which can be registered by classical 
homodyne lossless interferometer, φC (which is equal 
to 1.5 × 10-19 rad (W/Hz)1/2) [11]. For the adaptive 
interferometer operated at wavelength  
λ = 1064 nm, the RDL was found  
equal to 16. Thus the absolute value of detection 
limit recalculated to the displacement is 
xA=λφCδ/(2π)=2.03×10–6 rad (W/Hz)1/2. When the 
bandwidth of the adaptive interferometer  
is Δf = 17 MHz and the object beam power is 5 mW, 
the absolute detection limit to the displacement can 
be as low as 0.1 nm. 
 
 
3. Measurement of Nanoscale 

Displacements 
 

A piezoelectric transducer has been used to 
provide a movement of a macro-scale object (a flat 
mirror). AC voltage of various shape (saw tooth, 
triangle and square) and duration (from tens 
microseconds to hundreds of milliseconds) was 
applied to the transducer. Because of the adaptive 
properties the measuring system would react 
differently to the object's displacements made on 
different speeds. In other words, the system is trying 
to adapt itself to slow displacements (committed for 
the time much longer than the recording time tR of 
the hologram) and detect the fast displacements. 
Therefore there is a characteristic velocity, V0, of the 
displacements in which relation all displacements can 
be divided in two groups – fast and slow moving. 
This characteristic velocity is determined by the time 
of the hologram recording in a PRC and is can be 
estimated as: 

 

t
=V

r
0 8

λ
 (1) 
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In adaptive interferometer the time of hologram 
recording is determined by the radiation intensity (in 
inverse ratio) [9] and is defined experimentally under 
the reference beam intensity 16 W/cm2 (tr = 60 ms), 
thus characteristic velocity is 2.2 µm/s.  

Fig. 2 illustrates oscillograms of signals detected 
from the object moved at speeds 0.32 µm/s, 5.2 µm/s 
and 36 µm/s.  

 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 2. The oscillograms of the detected signal and the 
driving voltage applied to the piezoelectric transducer 
providing object movement at speeds (a) 0.32 µm/s,  

(b) 5.2 µm/s and (c) 36 µm/s. 
 
 

It can be seen from Fig. 2a that displacements 
with amplitude 2.9 nm are detected. The minimum 

amplitude of detected displacements at such speed is 
1.5 nm. At velocities close to the characteristic  
(5.2 µm/s) the maximum amplitude of displacement 
is 3.1 nm and the minimum one is 1 nm (Fig. 2b). 
One should notice that for the low-speed 
displacements the recorded signal is very noisy, 
because the dynamic hologram is self-adjusted to all 
changes of the object wave including caused by 
object movements. For the fast displacements  
(Fig. 2c) the maximum and minimum detected 
displacements are 3 and 0.7 nm, relatively. Fig. 2c 
clearly shows that there is a difference  
between the detected signal and the signal defining 
displacements. It can be explained by resonance 
properties and limited response time of the 
piezoelectric transducer which generate  
object movement. 

In our work, we also tested the adaptive 
interferometer for its ability of detecting a movement 
of microscale objects (e.g. MEMS elements in 
practical applications). The micro-cantilever with 
dimensions 215×42×8 µm3 was used as an object 
which displacements are to be measured.  
It was mounted on the electro-induction  
mechanical transducer driven by AC voltage at 
frequency 400 Hz. 

Fig. 3 demonstrates oscillograms of the recorded 
signal at speeds 171 µm/s and 444 µm/s. The Fig. 3a 
illustrates the signal from the object displaced with 
amplitude up to 80 nm with velocity above 170 µm/s. 
The Fig. 3b shows the detected displacements at 
speed 444 µm/s. Maximum amplitude of registered 
displacements reaches 260 nm in this case. As it 
shown on Fig. 3a and Fig. 3b, the recorded signal is 
π/2-phase shifted in relation to driving AC voltage. It 
is addressed to inertia properties of the mechanical 
transducer. Since the linear mode of phase 
demodulation in the adaptive interferometer is 
limited by amplitude of phase modulation equal to 
λ/4 [2], the displacements with the amplitude 266 nm 
(for λ=1064 nm) and more lead to the appearance of 
additional harmonics in the detected signal.  

So, this value can be considered as the maximum 
of the displacement amplitude which can be detected. 
In its turn the minimal limit for displacement 
detection depends on noise level, and for the 
measuring system it was amounted to 1.7 nm. 

 
 

4. Conclusions 
 

The adaptive holographic interferometry sensing 
system for measurement of nanoscale displacements 
of micro- and macro-objects is developed and 
studied. The system is based on using dynamic 
hologram continuously recorded in photorefractive 
CdTe crystal. System was successfully tested for 
detection of displacements of the objects moved at 
speed from 0.32 μm/s to 444 μm/s. Theoretical limit 
for detection of displacement is 0.1 nm, while in the 
experiment this limit is restricted by noise and 
amounted to 0.7 nm.  
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(a) 
 

 
 

(b) 
 

Fig. 3. The oscillograms of the detected signal and the 
driving voltage applied to the induction transducer 
providing object movement at speeds (a) 171 µm/s  

and (b) 444 µm/s.  

 
 
Due to holographic principle of object wave 

reconstruction the measurement system can be used 
for study of micro-scale objects with complicated 
shape and uneven surface. In the case of inspection 
of micro-scale objects, displacements of order 1.7 nm 
and higher can be detected and measured.  

The system developed can be used in the area of 
controlling and real-time monitoring of ultra-small 
displacements, dynamic deformations, high 
frequency vibrations, rotation and so on of parts of 
mechanical devices, including micro- and sub-micro-
scale objects such as MEMS and NEMS. Due to 

adaptive properties of the system such measurement 
can be carried out in industrial environment. 
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