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Editorial 
 

Dear Readers ! 
 
It is my great pleasure to introduce the first issue of Sensors & 
Transducers journal published in 2015. In this year we are going to 
publish twelve regular issues, some special and thematic issues on various 
emerging topics such as Biophotonic Sensors, Novel Technologies and 
Materials for Sensors, Internet of Things (IoT): Zoom-In to Future 
Research Trends, Emerging Wireless Sensor Networks, etc. (see our 
Editorial Calendar1 for the rest of titles). We have invited several guest 
editors, who will manage these supplement special and thematic issues. 
You can see well known experts' names among them.  

 
In 2015, Sensors & Transducers will be printed in full-colors. It in the first sensors related journal 
printed in color. Clear, it will increased the journal's issue price, but it is an important step, because of 
modern research articles contains a lot of graphical information, such as plots, charts, modeling 
results, etc. The common grey-scale approach, which is using in the rest of sensors related journals, 
brings a lot of misunderstanding during the graphical information interpretation. 
 
Sensors & Transducers is publishing since 2000 by International Frequency Sensor Association 
(IFSA) Publishing, S. L., and it has become very popular periodical research journal among other 
sensor related publications. Our editorial board includes 400 international reviewers and guest editors 
from 57 countries, 94 editorial board members and 14 editors from all continents. There are many 
International Frequency Sensor Association (IFSA) members among them. The journal circulation is 
53,000+ registered readers per month (January 2015). I am glad inform you that Sensors & 
Transducers is included in the IFSA List of Recommended Journals (up-dated 9.12.2014), which 
contains only the best, established sensors related journals. 
 
Sensors & Transducers is established, international, peer-reviewed, open access journal published in 
both format: print (paper) and electronic (pdf). It provides the best platform for the researchers and 
scientist worldwide to exchange their latest findings and results in science and technology of physical, 
chemical sensors and biosensors. As usually, the journal publishes original results of scientific and 
research works related to strategic and applied studies in all aspects of sensors: reviews, regular 
research and application specific papers, and short notes. 
 
In comparison with other sensors related journals, which are mainly focused on technological aspects 
and sensing principles, the Sensors & Transducers journal significantly contributes in areas, which are 
not adequately addressed in other journals, namely: frequency (period), duty-cycle, time-interval, 
PWM, phase-shift, pulse number output sensors and transducers; sensor systems; digital, smart, 
intelligent sensors and systems designs; signal processing and ADC for sensor systems; advanced 
sensor fusion; sensor networks; applications, etc. By this way the journal significantly enriches the 
appropriate databases of knowledge. 
 
Some coming issues will contain the best extended papers from the sensor related NetWare' 2014 
conference umbrella organized by the International Academy, Research and Industry Association 
(IARIA), which has taken place in November 2014 in Lisbon (Portugal): The 5th International 
Conference on Sensor Device Technologies and Applications (SENSORDEVICES' 14) and The 8th 
International Conference on Sensor Technologies and Applications (SENSORCOMM' 14). Many 
extended papers where selected as the 'Best Papers' based on the reviews of the original submission, 
the camera-ready version, and the presentation during the SENSORDEVICES' 14 and 
SENSORCOMM' 14 conferences.  
 
Sergey Y. Yurish 
Editor-in-Chief 
                                                 
1 Editorial Calendar: http://www.sensorsportal.com/HTML/DIGEST/Editorial_Calendar.htm 
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Abstract: Economic online and in-situ field analyses applications like discriminated alarming of smoldering fire 
or toxic gas leakages, monitoring of volatile components in chemical and biochemical processes, quality 
monitoring in food processing etc., wait for reliable and economic analytical solutions by sensor systems. This 
paper presents various innovative mathematical procedures to analyze data from gas sensor systems and gas 
sensor nets: ProSens - an efficient mathematical procedure for calibration and evaluation of tin oxide gas sensor 
data, SimSens – a mathematical program for simultaneous analysis of gases, ProCal - a program for batch-wise 
calibration of multi gas sensors and ProSource - a procedure for source localization. Applications to real data 
demonstrate the performance of the procedures. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Calibration and evaluation procedure, Simultaneous analysis, Batch wise calibration,  
Source location. 
 
 
 

1. Introduction 
 

There is a growing need of economic online and 
in-situ field analysis applications like online 
monitoring of volatile components in chemical and 
biochemical processes, quality monitoring in food 
processing, discriminated monitoring of toxic gas 
leakages, etc. In the last application, it is often 
necessary to find and locate the source of the 
leakage. In this context, isothermally operated metal 
oxide gas sensors (MOGs) with tin oxide as base 
material are manifold introduced due to their high 
sensitivity, long-term stability and low price. Their 
sensitivity to specific gas components, however, 
cannot be cultivated with high discrimination to 
others. Therefore, other approaches are necessary 
like a multi gas sensor array of MOGs [1-2] or 
thermo-cyclic operation of the MOG. 

For evaluation of the sensor data, powerful 
mathematical evaluation procedures for substance 

identification and concentration determination, even 
in the case of variable environmental conditions like 
varying humidity, are necessary. The calibration of 
sensor elements is very time consuming and 
expensive. Even sensor elements which are 
fabricated batch-wise have to be individually 
calibrated for good analysis performance. Therefore, 
economic mathematical calibration procedures are 
useful to reduce the costs and the scope of calibration 
measurements. Last but not least, mathematical 
procedures are needed to locate the source of a 
leakage. 

At the Karlsruhe Institute of Technology (KIT) 
mathematical procedures are developed to meet the 
above mentioned requirements: ProSens – a 
mathematical procedure for calibration and 
evaluation, SimSens – a mathematical program for 
simultaneous analysis of gases, ProCal – a 
mathematical procedure for batch-wise calibration of 
sensor elements and ProSource – a mathematical 

http://www.sensorsportal.com/HTML/DIGEST/P_2579.htm
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procedure to locate the source of a leakage. After 
some remarks to thermo-cyclic operation of the 
MOG, these procedures will be briefly described in 
this paper and their performance will be 
demonstrated in applications with real data. 

In Section 2, the principles of thermo-cyclic 
operation are briefly discussed. A short outline of the 
program ProSens with two applications to real data is 
given in Section 3. The program SimSens is 
introduced in Section 4 together with an example 
with real data. SimSens is an extension of ProSens 
designed to meet the requirements described in the 
conclusions of [3]. In Section 5, the program ProCal 
is briefly introduced and its performance is 
demonstrated in an example. In Section 6, the 
program ProSource for source localization is briefly 
described and in Section 7, the results of the paper 
are summarized.  

 
 

2. Thermo-cyclic Operation  
 

Thermo-cyclic operation means, that the working 
temperature of the sensor element is periodically 
increased and decreased over the time in a triangular 
shape. Simultaneous sampling of the conductance 
values over the time leads to so-called Conductance 
over Time Profiles (CTP) [4-6]. These profiles give a 
fingerprint of the surface processes with the  
gas and represent the gas mixture under 
consideration. The gas specific features of the CTPs 
can be used for component identification and 
concentration determination.  

Fig. 1 shows the CTPs of dimethyl sulphate 
(DMS) at various concentration levels with the 
characteristic shape. The working temperature of the 
sensor element is in the range of 100 to 400 degree 
Celsius. The conductance values are recorded only 
over the growing part of the triangular shape.  

Fig. 2 shows the CTPs of some gases at a certain 
concentration level. It can be seen that the shapes of 
the various gases are quite different. Therefore, they 
can be used for substance identification using 
innovative calibration and evaluation procedures. 
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Fig. 1. CTPs of dimethyl sulphate (DMS)  
at various concentrations.  
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Fig. 2. CTPs of some gases at a certain concentration level. 
 
 
For substance identification as well as for 

concentration determination, the program  
ProSens was developed which is described in the 
following section. 
 
 

3. ProSens – a Mathematical Procedure 
for Calibration and Evaluation 

 
As mentioned above, MOGs can be used for 

ambitious analysis applications, if they are thermo-
cyclically operated. A mathematical procedure for 
data evaluation has to identify an unknown gas 
sample (classification) to avoid misleading results 
like false alarms. Furthermore, it has to determine the 
concentration of the components of the gas sample. 
Varying environmental conditions like varying 
humidity or varying environmental temperature often 
influence the measurement results. These variations 
must be incorporated in the evaluation model of the 
mathematical procedure.  

The program ProSens developed at KIT was 
designed to meet the above mentioned requirements. 
ProSens consists of two parts: a calibration part and 
an evaluation part.  

In the calibration part, ProSens provides the 
mathematical calibration model which is the basis for 
routine data evaluation. The determination of the 
mathematical calibration model is based on 
calibration measurements performed by MOG with 
thermo-cyclic operation. These mathematical 
calibration models are parametric models. Their 
parameters are transferred to the evaluation part for 
the analysis of unknown gas samples.  

In the evaluation part of ProSens, an unknown 
gas sample is analyzed. That means that substance 
identification and concentration determination  
is performed.  

For gas component or compound identification, 
ProSens calculates the so-called theoretical CTP for 
the calibrated gas under consideration and compares 
this CTP with the measured CTP.  

If the measured CTP and the theoretical CTP are 
close together, i.e., a difference value calculated from 
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the sum of quadratic differences of every sample 
point of the measured CTP and the theoretical CTP is 
smaller than a predetermined decision value, ProSens 
identifies the unknown gas sample with the related 
calibrated gas. 

Otherwise ProSens recognizes that the gas sample 
is not the calibrated gas. 

In the case of a successful identification, ProSens 
calculates the concentration of the gas sample. 

In order to demonstrate the performance of the 
mathematical evaluation procedure ProSens, the 
CTP-data of two evaluation experiments of chemical 
analysis were used, first ammonia under various 
water vapor partial pressures and second binary 
toluene/ethanol-mixtures dissolved in water.  
The experimental details of data acquisition are 
described in [6-7]. 

In the first investigation ammonia was analyzed. 
To perform the mathematical calibration model the 
CTP was measured at different ammonia 
concentrations (100 ppm, 200 ppm, 500 ppm, 
1000 ppm) and at different water vapour partial 
pressures (529, 1322, 2334 Pa) as well. These 
12 calibration points are visualized in Fig. 3. This 
low number of calibration points is important, 
because it keeps the calibration costs low. The graphs 
of measured and theoretical CTP are compared when 
testing an ammonia sample (750 ppm) in Fig. 4(a) 
and in case of a non-ammonia sample (carbon 
monoxide with 1000 ppm) in Fig. 4(b). It is evident 
that ProSens is able to identify the ammonia sample. 
Table 1 demonstrates that ProSens can determine the 
concentration of ammonia samples quite well, even 
in the case of varying water vapour partial pressures. 
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Fig. 3. Calibration field of only 12 calibration points. 
 
 

In a second example, the CTP-data of binary 
toluene/ethanol mixtures dissolved in water were 
used for chemical analysis. Also in this case only 12 
calibration points were used in the calibration 
procedure (Fig. 5). Three further binary 
toluene/ethanol-mixtures (analysis test points, Fig. 5) 
and a non-toluene/ethanol-mixture were analyzed for 
demonstration of the performance of ProSens. 

 
 

Fig. 4. Comparison of measured/theoretical CTP  
(a) ammonia sample; (b) non-ammonia sample. 

 
 

Table 1. Ammonia analysis results of test experiments at 
different water partial pressures. 

 

Dosed 
concentration 

p(H2O)/Pa 
Determined 

concentration 

150 ppm 1058 159 ppm 

150 ppm 1587 171 ppm 

350 ppm 1058 329 ppm 

350 ppm 1587 373 ppm 
 
 

 
 

Fig. 5. Calibration field and analysis test points  
of toluene/ethanol mixtures.  

 
 

The analysis proves that the evaluation procedure 
is able to identify toluene/ethanol binary mixtures 
and to detect non-toluene/ethanol-mixtures as well. 
This is due to the fact that in the second case the 
difference between the theoretical CTP and the 
measured CTP is significantly big (Fig. 6) in 
comparison with the negligible difference in the first 
case (Fig. 7). 
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Fig. 6. Comparison of measured and theoretical CTP  
of a non-toluene/ethanol binary mixture.  

 
 

 
 

Fig. 7. Comparison of measured and theoretical CTP  
of a toluene/ethanol binary mixture. 

 
 

The CTP-analysis resulted in rather accurate 
estimations of the VOC-components (error < 10 %), 
see Table 2.  

 
 

Table 2. Results of the analysis tests. 
 

Dosed 
concentrations 

Determined 
concentrations 

Time  
delay */days 

25/2 23.4/2.1 1.25 

100/5 95.3/5.4 1.0 

200/1 200.1/0.9 1.5 
*Time delay of the analysis test experiment after having 
finished the calibration data sampling. 
 
 

4. SimSens – a Mathematical Procedure 
for Simultaneous Analysis 
 
The program ProSens was designed to analyze 

only one target gas or gas mixture under 
consideration. But in many application a multitude of 
different gases or gas mixtures may occur which 
have to be simultaneously identified and analyzed. 
One field of potential application is the monitoring of 
storages of chemical substances with capability of 
evaporation like solvents, paints, etc. In this scenario 
a multitude of substances can be accidentally 
released to the environment and has to be 
simultaneously identified and analyzed. Another field 

of potential application is the detecting of the risk of 
cable fire in a cable slot very early in time by 
analyzing the typical gases emitted in state of cable 
overloading. Depending on the various coating 
materials of the cables, a variety of gases or gas 
mixtures can be emitted. These gases or gas mixtures 
according to the related coating materials have to be 
simultaneously identified and analyzed for early 
detection of such a developing risk.  

Simultaneously means here that the 
measurements are performed with only one sensor 
system and the following analysis is performed with 
only one analysis procedure covering all the different 
gases or gas mixtures which may occur.  

To meet these demands on simultaneous gas 
identification capability a new mathematical 
calibration and evaluation procedure called SimSens 
was developed at KIT [8]. 

SimSens is an extension of ProSens and  
consists like ProSens of a calibration part and an 
evaluation part.  

In the calibration part SimSens provides the 
mathematical calibration models for every gas to be 
analyzed. Each calibration model consists of 
functions for determination of the component 
concentration und of functions for calculating the 
related so-called theoretical CTP for substance 
identification. That means the calibration part of 
SimSens provides calibration models for every gas or 
gas mixture under consideration, i.e. is an extension 
of ProSens which calculates only one calibration 
model. The functions included in the calibration part 
of SimSens are parametric functions and the 
parameters are determined by multiple linear 
regressions of conduction values versus 
concentration values and CPT values respectively.  

These parameters are transferred to the evaluation 
part of SimSens for the analysis of an unknown gas 
sample. Based on these parameters and the CTP of an 
unknown gas sample the evaluation part of SimSens 
calculates theoretical CTPs for each calibrated gas 
and compares these CTPs with the measured CTP.  

If measured CTP and one of the theoretical CTPs 
are close together, i.e. a difference value calculated 
from the sum of quadratic differences of every 
sample point of the measured CTP and the theoretical 
CTP is smaller than a predetermined decision value, 
SimSens identifies the unknown gas probe with the 
related calibrated gas.  

Otherwise SimSens recognizes that the gas probe 
is none of the calibrated gases. In case of 
identification, SimSens calculates the concentration 
of the gas sample based on the identified  
calibration model.  

As mentioned above, SimSens is an extension of 
ProSens. Whereas ProSens is able to analyze only 
one gas or gas mixture under consideration, SimSens 
has the capability to analyze a variety of gases or gas 
mixtures. This is due to the fact that in the calibration 
part of SimSens more than only one calibration 
model can be determined, namely one calibration 
model for each gas or gas mixture which may occur 
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in the considered application. Furthermore, in the 
evaluation part of SimSens, not only one gas or gas 
mixture can be identified, but all gases or gas 
mixtures which are calibrated.  

To demonstrate the performance of SimSens, the 
procedure was applied to four mono  
component gases:  

- acetic acid; 
- dimethyl sulphate (DMS); 
- methylfuran; 
- octane; 
and a multi gas mixture:  
- ternary acetic acid/hexane/octane-mixture X111, 

ratio of components 1:1:1 
For all gases and the gas mixture X111 

concentration values were chosen for calibration. 
Table 3 shows the concentration values in ppm for 
each gas chosen for calibration. 

 
 

Table 3. Results of the analysis tests. 
 

Acetic 
Acid 

DMS 
Methyl-
furan 

Octane X111 

54  1785  471  47  47  
150  4947  1305  131  131  
500  16469  4344  438  438  
1850  60912  16068  1618  1618  
4055  133562  35228  3548  3548  

 
 

The concentration values chosen for evaluation 
are listed in Table 4. 

 
 

Table 4. Concentration values for evaluation in ppm. 
 

Conc. 
Levels 

Acetic 
Acid 

DMS 
Methyl-
furan 

Octane X111 

1 91  2981  786  79  79  

2 268  8821  2320 234  234  

3 955  31455  8297  836  836  

 
 
To simplify the notation in the following the rows 

in Table 4 are noted as so-called concentration levels. 
After the determination of the (mathematical) 

calibration model for each individual target gas, i.e. 
acetic acid, DMS, methylfuran and octane, and of the 
gas mixture X111 in the calibration part of SimSens, 
the gases and gas mixtures were analyzed at several 
concentration levels for evaluation. 

After measuring for example DMS at 
concentration 2981 ppm (concentration level 1 in 
Table 4), the evaluation part of SimSens calculates 
the “theoretical” CTPs of DMS on the basis of the 
calibration models of all calibrated gases and 
compares these theoretical CTPs with the  
measured CTP.  

Fig. 8 exemplarily demonstrates the result of the 
theoretical CTP calculated on the bases of the 
calibration model of acetic acid and the measured 
CTP of DMS. It can be clearly seen that the 

theoretical CTP and the measured CTP are quite 
different. This means, SimSens really identified the 
DMS gas sample not as an octane gas. 
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Fig. 8. Comparison of measured CTP of DMS  
at concentration 2981ppm and theoretical CTP of DMS 

related to the calibration model of Acetic Acid. 
 
 

On the other hand, Fig. 9 shows that the 
theoretical CTP calculated on the bases of the 
calibration model of DMS and the measured CTP of 
DMS are close together. This means, SimSens really 
identified the DMS gas sample as a DMS gas.  
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Fig. 9. Comparison of measured CTP of DMS  
at concentration 2981 ppm and theoretical CTP of DMS 

related to the calibration model of DMS. 
 
 

Analogues results were yield in all the other 
cases. Therefore, SimSens was able identify the 
various gas samples in a correct manner. 

For further investigation of the substance 
identification capability of SimSens, a further gas, 
hexanal, was measured at the evaluation 
concentration levels as well. Fig. 10 exemplarily 
shows the comparison of theoretical CTP of hexanal 
calculated on the bases of the calibration model of 
acetic acid and the measured CTP of hexanal. 
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Because the two curves are quite different, SimSens 
recognizes that the measured gas sample is not an 
acetic acid gas. Analogues results were yield in all 
the other cases.  
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Fig. 10. Comparison of measured CTP of hexanal  
at concentration 200 ppm and theoretical CTP of hexanal 

related to the calibration model of acetic acid. 
 
 

After substance identification SimSens calculates 
the concentration of the gas samples. Table 5 shows 
the analysis results comparing dosed values and 
analyzed values. It can be seen that in all cases the 
relative errors are smaller than 8 % which is a very 
good analysis result.  

 
 

Table 5. Comparison of dosed and analyzed values. 
 

 Dos Anal Dos Anal Dos Anal 

Acetic  
Acid 

91 97,7 268 249 955 995 

DMS 2981 2784 8821 8760 31455 32477 

Methyl- 
furan 

786 749 2320 2275 8297 8523 

Octane 79 74 234 230 836 837 

X111 79 80 234 219 836 862 

 
 

In Table 5, the following abbreviations are used: 
Dos: dosed values in ppm, Anal: analyzed values in 
ppm, Rel: relative deviation in %.  

 
 

5. ProCal – a Mathematical Procedure 
for Batch-wise Calibration 
 

For economic reasons, MOGs are typically 
fabricated in batch production. For technological 
reasons, production fluctuations are unavoidable 
which lead to fluctuations of the gas sensors specific 
features, e.g., manifested in CTP shape variations in 
the case of thermo-cyclic sensor operation. 

Although the signal patterns (e.g., CTPs) of the 
various sensor chips of a production line are similar, 

each sensor chip has to be costly calibrated, in order 
to yield a high analytic performance. The same is 
true if a sensor chip has to be exchanged in case of a 
defect or if a sensor chip has to be recalibrated in 
case of long-term drifting.  

The basic idea of ProCal is that only one single 
sensor chip (the so-called class reference chip) of the 
production line is measured at all calibration points 
(typically 5 calibration points for a single gas 
analysis application) and its signal patterns are 
sampled. Every other chips of the production line are 
measured at only one calibration point (the so-called 
reference point). 

Next, for every sensor chip a mathematical 
function (the so-called approximation function) is 
determined which fits the signal pattern of the 
reference point, yield by the reference chip, to the 
signal pattern yield by the corresponding sensor chip 
in a best manner. That means that for each sensor 
chip excluding the reference chip a sensor specific 
approximation function is obtained. 

With these approximation functions, the signal 
patterns of the reference chip are numerically 
calculated for all the other calibration points of the 
corresponding chips of the batch. This means that the 
signal patterns for the other calibration points do not 
have to be measured but can be approximated by 
numerical calculation. This results in a significant 
reduction of the calibration measurements by 
approximately factor 5. 

The whole procedure is sketched in Table 6 with 
sensor s1 as the reference chip and concentration 
con3 as the reference point. 

 
 

Table 6. Comparison of dosed and analyzed values. 
 

           s 1       si 

con1   m        n  
con2   m        n  
con3   m    m  
con4   m        n  
con5   m        n  

s1: class reference chip
si = 2,3,..(other sensors) 
m:meas. signal pattern 

:approx. function fi  
n: num. calcul. with fi 
con3: ref. calibr. point

fi:CTP(s 1,con3) -> CTP(s i,con3) “optimal” 

fi: CTP(s 1,conj) -> CTP(s i,conj), j = 1,..,5 
 

 
 

Furthermore, ProCal is able to find the “optimal” 
reference chip and to recognize a priori which sensor 
chips of the production line cannot be calibrated with 
this procedure.  

To demonstrate the effectiveness of ProCal, an 
application was performed with eight thermo-
cyclically operated gas sensors which were exposed 
to 0 ppm, 250 ppm, 500 ppm, 1000 ppm and 
2000 ppm CO in humidified synthetic air (50 % rH, 
21°C), as described in [9].  

In ProCal, only the CTPs of the reference 
concentration point (here at 500 ppm CO) of every 
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sensor (Fig. 11) are used to calculate sensor specific 
approximation functions. 

ProCal recognizes that sensor S4 is the best 
choice for the class-reference chip. 

Furthermore, ProCal a priori determines sensor 
S3 as an outlier which can’t be calibrated with  
this procedure.  
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Fig. 11. CTPs of eight sensors at reference  
point 500 ppm CO. Sx means sensor x. 

 
 
Indeed, Fig. 12 shows that the difference between 

numerically calculated CTP (using the relevant 
approximation function) and the sampled CTP is 
strikingly big for sensor S3 at reference point 
500 ppm CO. 
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Fig. 12. Measured and approximated CTP  
of S3 at reference point 500 ppm CO. 

 
 

To demonstrate how well the numerically 
measured CTP fits the sampled CTP, the data of S2 
at 1000 ppm CO are visualized in Fig. 13. Similar 
results are obtained at all calibration points of the 
other sensors except the a priori excluded sensor S3. 
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Fig. 13. Comparison of measured CTP  
and approximated CTP of sensor S2 at exposure  

of 1000 ppm CO. 
 
 

For the determination of the mathematical 
calibration model with ProSens, only the measured 
CTPs at the reference point 500 ppm were used.  
All the other CTPs needed for the determination of 
the calibration model were not measured but 
calculated. Table 7 shows the analysis results 
achieved by ProSens. The relative analysis errors in 
all considered cases are less than 11 %, except for the 
a priori excluded sensor S3. These errors are 
comparable with those obtained when using  
sampled data.  

 
 

Table 7. Analysis results in ppm CO. 
 

DC * S1 S2 S3 S5 S6 S7 S8 

0 13 11 -4 5 10 15 2 

250 258 250 205 234 247 262 240 

500 495 495 495 495 495 495 495 

1000 948 988 1180 1007 1014 951 1004 

2000 1801 1984 2559 1943 1977 1788 1937 

MD 9.95 1.2 27.9 6.4 1.4 10.6 4.0 

* DC: Dosed concentration, MD: Maximum deviation from 
DC in % (DC≠0). 

 
 

6. ProSource - a Procedure for Source 
Localization 
 

Based on concentration measurements from 
spatially distributed gas sensors si (gas sensor 
network), the location of a gas source (e.g., from a 
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leakage) is to be determined. To solve this problem it 
is assumed that the emitted substance is transported 
by advection caused by a known homogeneous wind 
field in x-direction with velocity vx and by diffusion.  

The basic idea of the procedure ProSource  
[10-11] is to use a two-step approach for the  
source localization. 

In the first step, for each sensor si, located at xi, 
the set of points Pi is determined, on which the 
source can lie, taking only the specific concentration 
measurement Ci of sensor si into account. 

In the second step, an estimate for the source 
position x0 is evaluated by intersecting the sets Pi. 

 
 

6.1. Determining Pi  
 
Each set Pi is given by: 
 

(1) 

 
Here, for a fixed but unknown source rate q0 and 

the measured concentration Ci, the set Pi forms an 
oval in the x-direction. For different assumed source 
rates q0 the oval sets Pi for one sensor si are  
plotted in Fig. 14. 

 
 

 
 

Fig. 14. Potential source positions for sensor si  
for different source rates q0. 

 
 

6.2. Estimating the Source Position x0  
 
Like for one sensor in Fig. 14, ovals can be 

calculated for all m sensors of the sensor network. 
Thus, all m ovals intersect at the source position x0, if 
the source rate, used to generate the ovals, equals the 
true value q0. This is demonstrated in Fig. 15. In this 
case, four gas sensors are applied. 

Fig. 15 demonstrates that in the undisturbed case 
the intersection of the curves is the source position of 
the gas leakage with the corresponding source rate. 
In the disturbed case, ProSource calculates an 
estimated source position and a corresponding 
estimated source rate that minimize the geometric 
error of all ovals. 

 

 
 

Fig. 15. Intersection of all m sets Pi at the source position 
x0 for the undisturbed case and the true value of q0. 
 
 

6.3. Experimental Results  
 

In a chemical storage for toxic substances of the 
Sigma-Aldrich Company in Steinheim (Germany), a 
network of four electronic noses measuring at a 
sampling time of three minutes was established. The 
sensors were placed as shown in Fig. 16 at a height 
of 0.9 m. The high-rack facilities (marked grey in 
Fig. 16) are permeable and do not disturb the 
diffusion and advection because they are wide open. 
The diffusion coefficient K and the advection 
velocity vx where identified by prior experiments: 
K=0.02 m2/s, vx=0.03 m/s. 

 
 

 
 

Fig. 16. Sensor network of four electronic noses (EN)  
in a chemical storage. 

 
 

In the first experiment 10 ml of isopropanol are 
poured onto filter paper instantaneously at source 
Position 1. To apply the proposed two-step approach 
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for instantaneous sources, the concentrations have to 
be integrated over time. Fig. 17 shows measured 
concentrations of all four electronic noses integrated 
over time and the estimated source position as well 
as the true source position. Here the coordinate 
system is rotated to have advection in  
x-direction only. 

In the second experiment the same amount of 
toluene is used at source Position 2. The results are 
shown in Fig. 18. 

In the two experiments, the located source 
positions are satisfying estimates for the true source 
positions. Further experiments gave similar results.  
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Fig. 17. Integrated concentrations and estimated source 
position for experiment 1. 

 
 

7. Conclusions 
 

In this paper the mathematical procedures 
ProSens, SimSens, ProCal and ProSource  
have been shortly described and their performances 
have been demonstrated with examples using real 
measurement data. 

The examples demonstrate that the procedures 
developed at KIT are powerful tools for economic 
online and in-situ field analyses applications. 
ProSens is an efficient mathematical procedure for 
evaluation of tin oxide gas sensor data, even in the 
case of variable environmental conditions like 
varying humidity. SimSens is a powerful tool for 
simultaneous analysis of gases, ProCal is an 
economic mathematical procedure for batch-wise 

calibration of multi gas sensors, useful to reduce the 
costs and the scope of calibration measurements. 
ProSource is a robust and fast procedure for source 
localization based on spatially distributed 
concentration measurements 
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Fig. 18. Integrated concentrations and estimated source 
position for experiment 2. 
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Abstract: Scour around bridge pier is a major cause of bridge failure such as collapse resulted in loss of life and 
property. Most of available sensors and approaches for monitoring bridge pier scour are very expensive, which 
is a main challenge for mass deployment of numerous bridges. Our proposed scour monitoring system utilized 
low-cost commercial sensors, hall-effect sensors (unit price < $1) that are capable of real-time measuring bridge 
pier scour with resolution of ~ 2.5 cm, and overall cost for single sensor node of our proposed work is at least 
40 % less expensive than existing work. The hall-effect sensor is evaluated under controlled conditions in two 
laboratory flumes. After scour event, the typical voltage change of the hall-effect sensor is ~ 300 mV, and the 
system achieve signal-to-noise ratio performance of ~ 60 dB. Finally, we also provide an equation to predict the 
time variation of scour depth around pier model. Moreover, the master-slave architecture of bridge pier scour 
monitoring system has scalability and flexibility for mass deployment. This technique has the potential for 
further widespread implementation in the field. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Bridge, Pier, Scour, Sensor, Hall-effect. 
 
 
 

1. Introduction 
 

In the past few decades, global warming has 
increased dramatically in rainfall intensity, duration, 
and frequency, which resulted in harsh floods in 
Taiwan. Nevertheless, most mountains in Taiwan are 
very steep with slope gradients, so rivers in Taiwan 
are usually short and steep. When typhoons come 
and bring intensive rainfall, resulted in serious 
floods, even disaster flow [1]. It usually causes 
tremendous damages and loss of life and property. 
According to 2012 annual report by directorate 
general of highways, MOTC, there are ~ 9699 
bridges of highway in Taiwan area, total length ~ 
502021.8 m. Some of the crossing river bridges face 

serious challenges of bridge foundation scouring 
problem during harsh floods and disaster flow. 
Bridges lose their piers due to excessive pier scour 
and high flow velocities, which is one of the major 
causes for partial bridge collapse [2]. 

For more than a hundred years, bridge pier scour 
has been extensively studied in the world. Many 
methodologies and instruments have employed to 
measure and monitor the local pier scour depth, such 
as sonar, radar, ad Time-Domain Reflecotometry 
(TDR), Fiber Bragg Grating (FBG) sensor [3]. The 
sonar and radar sensor provide contactless 
measurement of streambed scouring near bridge pier 
and abutments, and usually used to show the final 
status of streambed after a flood. One of 

http://www.sensorsportal.com/HTML/DIGEST/P_2580.htm

http://www.sensorsportal.com
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disadvantages of the sonar and radar is that they have 
limit for measuring status of streambed in real time 
as rush water contained sands, even rocks during a 
flood. A method of TDR measures the reflections 
that results from a fast-rising step pulse travelling 
thorough a measurement cable. The depth of soil-
water interface is determined by counting the round 
trip travel time of the pulse. However, the major 
drawback of TDR is that accuracy of TDR is strongly 
depended on environment temperature and humidity. 
Moreover, monitoring scour depth by FBG is 
depended on number of FBG elements. However, the 
cost of monitoring of the scour depth by FBG 
technique is higher than that of existing methods [4]. 
The costs of Radar and TDR are expensive due to 
high-speed hardware requirement. For example, a 
commercial TDR (Campbell Scientific Inc., 
TDR100) was used to real-time monitor scour 
evolution [5], and its price is about $250. For FBG, 
optical devices such as laser, photo detectors and the 
optical fibers are very expensive, too. In addition, 
most of the existing methods used for scour detection 
are expensive and complicated, which is a major 
challenge for mass deployment to a lot of bridge 
piers. 

In this study, we develop and verify proposed 
real-time bridge pier scour monitoring system which 
has a gateway and sensor nodes as master-slave 
configuration. Each sensor node has a hall-effect 
sensor module; overall cost for single sensor node is 
about ~$100, the cost includes components and 
Printed Circuit Boards (PCB) manufacturing and 
assembly. Our proposed solution is 40 % less 
expensive than existing work (TDR). Furthermore, 
we also developed a data acquisition software for 
collecting and plotting data. The experimental results 
show that our proposed monitoring system can 
monitor pier scour process in real-time.  

We start with an overview of our proposed 
architecture and experimental setups in related work 
in Section 2. Section 3 presents the results provided 
from our experiments. Finally, we conclude this 
paper in Section 4. 

 
 

2. Development of Real-Time Bridge Pier 
Scour Monitoring System 

 
2.1. Architecture of Bridge Pier Scour 

Monitoring System 
 

Architecture of real-time bridge pier scour 
monitoring system is shown in Fig. 1. The 
architecture is based on master-slave configuration. 
A master (host controller) sends commands to slave 
(gateway) for controlling sensor node and accessing 
sensor data. The host controller communicates with 
gateway through Power Over Ethernet (POE) and 
Ethernet switch. The host controller sends a 
command to the getaway. When the gateway receives 

command, the gateway converted Ethernet command 
to RS485 command. After converting command, the 
gateway broadcasts to sensor nodes. Since the 
command packet contains unique sensor ID, only 
specific sensor node returned sensor data to the host 
controller. We adopt hall-effect sensor modules in 
our sensor node. In order to reduce number of wires, 
POE is utilized in this study. Simply connected 48 V 
battery (3 packs in series for 48 V with individual 
16 V lithium iron phosphate battery) to the POE 
adaptor (Cerio, POE-PE03), and used an Ethernet 
cable to connect the POE adaptor to the gateway and 
the sensor node in series. 

 
 

 
 

Fig. 1. The architecture of real-time bridge pier scour 
monitoring system. 

 
 

2.2. Gateway and Sensor Nodes 
 

The gateway is comprised of two stacked  
PCBs – a power module and a core module (see 
Fig. 2). The top PCB is the power module, which 
operates as a DC-DC converter for creating output 
voltages of 1.2-5 V from the input voltage of 48 V. 
An IEEE 1588 precision time protocol transceiver 
(TI, DP83640) plays the role of an Ethernet PHY for 
receiving and sending Ethernet data, and a RS485 
transceiver (ADI, ADM2682E) is used to send 
signals and power to sensor nodes. The core module 
is composed of a Cortex-R4 MCU (TI, RM48L952) 
and a FPGA (Xlilinx, Spartan-6). Ethernet data and 
RS485 data are processed by the MCU and the 
FPGA, respectively. The configuration of the sensor 
node is similar to the gateway, but it does not have an 
Ethernet PHY. The MCU is used to access sensor 
data through Serial Peripheral Interface (SPI) 
interface, and the FPGA is used to process RS485 
data.  

The block diagrams of the FPGA in the gateway 
and the sensor node are shown in Fig. 3. The FPGA 
mainly translates the sensor data from serial data 
format to parallel data format. The MCU manipulates 
control signals and sensor data. The FPGA receives 
an 8-bit sensor data, and deposit to register. In the 
meantime, the FPGA sent an interrupt to the MCU, 
and notify that the MCU receives sensor data. The 
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MCU generates a pulse on the ready signal to the 
FPGA after receiving sensor data. The FPGA pulls 
the enable signal to low until all of the sensor data 
have been transferred.  

 
 

 
 

Fig. 2. The photos of printed circuit boards  
of sensor node (left) and gateway (right). 

 
 

 
 

Fig. 3. Block diagram of FPGA in gateway (top)  
and sensor node (bottom). 

 
 

The FPGA parses receives commands, executes 
part of commands, and responses to the host. The 
MCU takes charge of collecting sensor data. Fig. 4 
describes processing sequence of the FPGA and the 
MCU. In Fig. 4, the steps in blue are tasks of the 
FPGA, those in purple are memory related tasks, and 
those in red are tasks of the MCU. In the case that the 
host controller requests sensor data, the FPGA will 
receive a Read command. The FPGA then parses and 
decodes the command and is aware that cooperation 
with the MCU is necessary. The FPGA puts this 
command in memory and notifies the MCU with an 
interrupt. The MCU reads command from memory 

via Inter-Integrated Circuit (I2C), collects sensor data 
and stores them in memory. After collection is done, 
the MCU notifies the FPGA with a General-Purpose 
Input/Output (GPIO) signal. Then the FPGA reads 
data from memory and generates response to the  
host controller. 

 
 

2.3. Hall-Effect Sensor Modules 
 

A hall-effect sensor module composed of a hall-
effect sensor (Allegromicro, A1301) and an analog to 
digital converter [ADC (TI, ADS1258)] is connected 
to the core module of the sensor node by an 
extension cable, as shown in Fig. 5. The output of the 
hall-effect sensor is fed into a 24-bit ADC, and 
voltage of the hall-effect sensor is digitized and 
returned to the MCU via the SPI interface.  

 
 

 
 

Fig. 4. Processing sequence of FPGA and MCU  
in sensor node. 

 
 

 
 

Fig. 5. Top-view and bottom-view PCB photos  
of the hall-effect sensor module. 

 
 

2.4. Experimental Setup  
 

A Neodymium magnet with a diameter of 8 mm 
and thickness of 3 mm is fixed on thin metal strip 
with thickness of 300 μm, as shown in Fig. 6. The 
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hall-effect sensor and the Neodymium magnet are 
well aligned, and are separated by a distance of 
10 mm. The hall-effect sensor modules are installed 
alone the pier model, as shown in Fig. 7. The pitch of 
the hall-effect sensor module is critical for resolution 
of pier scour depth measurements. The linear array of 
the hall-effect sensor module with a pitch of 2.5 cm 
is used in this study. 

 

 
 

Fig. 6. The drawing of house for a hall-effect  
sensor module. 

 
 

 
 

Fig. 7. The photos of experimental setup for real-time pier 
model scour erosion (a), (b) in the flume A,  

and (c) in the flume B. 
 
 

The monitoring bridge scour erosion detection 
experiments are carried out in a recirculating 
laboratory flume A (length = 36 m, width = 1 m,  
depth = 1.1 m) [6] and recirculating laboratory flume 
B (length = 35 m, width = 6 m, depth = 2.2 m). The 
layouts of the flume A and the flume B are shown in 
Fig. 8. False test beds of the flume A has a sediment 
recess (length = 2.8 m, width = 1 m, depth = 0.3 m) 
and the flume B has one (length = 5 m, width = 6 m,  
depth = 0.7 m), which are filled by nearly uniform 
sediment. A 15-cm-diameter hollow cylindrical pier 
made of plexiglass is located at the middle of the 
recess in flume A. A pier model with a diameter of 
25 cm is used in flume B. An inlet valve and a tailgate 
are used to regulate depths of flow and flow speed. 

2.5. Gateway Initialization  
 

The procedure including gateway initialization 
and sensor data access are shown in Fig. 9. Data 
acquisition software is run in the host controller, and 
it sends command (Request Packet) to specific 
gateway for making TCP connection through 
Ethernet. When the gateway receives ACK from the 
host controller and returned SYN/ACK, the TCP 
connection is made successes. The host controller 
sends a command to disconnect an active connection 
when the busy gateway doses not return SYN/ACK. 
After making TCP connection, the gateway firstly 
initializes GPIO of the FPGA. Secondly, it converts 
Request Packet to serial data, and then it broadcasts 
serial data to sensor nodes. Until FPGA signal = 1, the 
FPGA receives sensor data from sensor node, and 
then the gateway sends the Response Packet to the 
host controller.  

 
 

 

 
 

Fig. 8. Layout of the recirculating laboratory flume A (top) 
and flume B (bottom). 

 
 

 
 

Fig. 9. The flow chart of Gateway initialization. 
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2.6. Request Packet Format and Response 
Packet Format 

 
Table 1 shows the Request Packet format and the 

Response Packet format, where 
Node ID: 1-Byte field to identify each sensor 

node.  
Function code: This field is used to determine the 

function type. Sensor node executes specific actions 
or gives responses depend on this function code.  

Address: This field is set an address of the sensor 
node that should receive its data. 

Payload Size: This field specifies the size of data 
payload received in the Response Packet. 

Byte Count: bytes number of data payload 
received in the Response Packet. 

Data_H: output data of the hall-effect sensor.  
CRC: CRC was used for error checking. 

 
 

Table 1. Example of Request Packet format and Response 
pack format. 

 
 Request Packet Response Packet 

Node ID 02 02 
Function 
Code 

03 03 

Address 00 03 X 
Payload 
Size 

00 05 X 

Byte count X 0A 
Data_H X Hi Lo 
CRC Hi Lo Hi Lo 

 
 

Fig. 10 shows a data acquisition software for 
collecting and plotting data of the hall-effect sensors.  

 
 

 
 

Fig. 10. A data acquisition software for collecting and 
plotting data (simulation data). 

 
 

The host controller sends commands every 20 ms, 
and then Response Packets are returned to the host 
controller. The data acquisition software, which 
automatically collects the Response Packets, and 
extracts the voltage of the hall-effect sensor from the 
Data_H field of the Respone Packets, and 
simultaneously plots the voltage of the hall-effect 

sensor on strip charts. Therefore, remote users can 
access the raw data of each sensor nodes by WiFi 
communication, and they can analyze them in-situ. If 
pier scour status reaches critical condition of bridge 
collapse, the remote users can broadcast alarm, and 
can warn people away from the dangerous bridge. 

 
 

3. Results and Discussions 
 

3.1. Calibration of the Hall-Effect Sensor  
 
A simple calibration method for measuring the 

distance between the hall-effect sensor and the 
magnet is shown following. A permanent magnet is 
moved away from the hall-effect sensor, and the 
dependence between corresponding output voltage of 
the hall-effect sensor and the distance between the 
magnet and the hall-effect sensor is shown in Fig. 11. 
The output voltage of the hall-effect sensor as a 
function of the distance is nonlinear, but can be 
expressed by the following equation, 

 
Vs = 7.513 + 1.055d + 0.079d2 – 0.002d3, (1) 
 

where d is the distance between the magnet  
and the hall-effect sensor and Vs is the corresponding 
output voltage of the hall-effect sensor. We can  
use look-up table or transfer function to quickly find 
out the distance between the magnet and the  
hall-effect sensor. Besides, performance of a hall-
effect sensor is guaranteed over an extended 
temperature range from its datasheets. We did  
not make temperature calibration for the hall-effect 
sensor prior to starting experiments. 

 
 

 
 

Fig. 11. The data and fitting curve of the output  
voltage of the hall-effect sensor versus distance  

between hall-effect sensor and magnet. 
 
 

3.2. Raw Data of the Hall-Effect Sensor 
 
When the maximum number (1024) of the data  

of the hall-effect sensor is reached, the host  
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controller creates a new file to a disk. In order to save 
disk space, a gzip (GNU zip) utility is used for data 
compression. After uncompressed the file, the data 
were shown in Fig. 12, each line represents a data  
and time stamp, sensor ID, output voltage of the  
hall-effect sensor and ends with a newline character 
(no-show).  

 
 

 
 

Fig. 12. Hall-effect sensor record file. 
 
 

3.3. Pier Model Scour Experiment  
in Flume A 

 
Fig. 13 shows the evolution of signals of the hall-

effect sensors during the monitoring scour experiment. 
A cylinder pier model is used for the pier scour 
experiments. The hall-effect sensor modules 4-10 are 
completely submerged under sand; the others (sensor 
module 1-3) are left in air. Before starting scour 
experiment, we evaluate the noise of the hall-effect 
sensor, the typical noise voltage of hall-effect sensor 
is 106±13 μV. At ca. 10000 s, the inlet valve is ON. 
At 11733s, water flow starts striking the thin metal 
strips of the hall-effect sensor module 2 and 3, and 
their output voltage abruptly grow up due to bending 
of the thin metal strips caused by the water flow. For 
instance, the voltage of the hall-effect sensor module 
2 before and after water stricking them is 
2.8511±0.0001 V and 2.8534±0.0004 V, respectively. 
The amplitude of vibration voltage of the hall-effect 
sensors is ~5.63 mV, which is strongly depended on 
the flow rate (data was not shown in here). The output 
voltages of the hall-effect sensor module 4, 5, and 6 
are suddenly dropped down at 11787, 11834, and 
11868, respectively. The output voltage of the hell-
effect sensor drops so quickly meaning that the sand 
around itself is taken off rapidly by the scour erosion. 
For example, the voltage of the hall-effect sensor 
module 5 before and after scour is 2.7601±0.0001 V 
and 2.7570±0.0003 V, respectively, its voltage change 
is about -3.2 mV. Moreover, the rate of voltage 
change of the hall-effect sensor module 7 and 8 are 
slower than that of module 4, 5, 6. It reflects that the 
scour processes are slow and sand around the hall-
effect sensor module is just partially removed during 
scour process. The output voltages of the hall-sensor 
module 9 and 10 almost have no clear drop, so the 
sand still covers them well. Moreover, the hall-sensor 
module 1 and 4 are broken due to the leaking water 
from imperfect silicon package sites. Fig. 14 shows 
the snad bed around pier model before, under, after 
scour experiment. A collar shape of the scour hole 

around the pier model is clear after scour errosic 
experiment. 

In order to increase the sensitivity of this technique 
based on the hall-effect sensor for detecting the scour 
events, we amplify the change of output voltage of the 
hall-effect sensor after scour errosion, as shown in 
Fig. 15. We know that the output voltage of the hall-
effect sensor strongly depends on the distance of the 
magnet and the hall-effect sensor.  

 
 

 
 

Fig. 13. Real-time monitoring output voltages of all  
of hall-effect sensor modules during scour experiment  
in flume A. Plots from to bottom were corresponded  

from hall-effect module 1 to 10. 
 
 

 
 

Fig. 14. Photos of the sand bed around pier  
model (a) before, (b) under, and (c) after scour experiment 

in the flume A. 
 
 

Therefore, we make the distance between the 
magnet and the hall-effect sensor get closer during 
installing the hall-effect sensor module. Before 
amplifying signal, the signal-to-noise ratio (SNR) 
based on the hall-effect sensor for monitoring scour 
event is ~30 dB. After amplifying signal, the change 
of voltage of the hall-effect sensor is enhanced ca. 
thirty fold that of before original setup, and the hall-
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effect sensor for monitoring scour event achieve  
signal-to-noise ratio performance of ~50 dB, as 
shown in Fig 15.  

 
 

 

 
 

Fig. 15. Real-time monitoring output voltages  
of the hall-effect sensor modules with and without amplified 

signals during scour experiment. 

 
 

3.4. Pier Model Scour Experiment  
in Flume B 

 
Moreover, A scale effect inherent in laboratory 

flume experiments on local scour can cause 
overestimate scour depth [7]. We carry out pier model 
scour experiments in larger scale laboratory flume B 
than that of the flume A to minimize inherent scale 
effect. A uniform 70-cm layer of the sand is evenly 
spread along the test section with sediment recess.  
Fig. 16 shows the evolution of voltages of hall-effect 
sensors during the scour experiment in laboratory 
flume B. We see that the voltage of hall-effect sensor 
9-10 nearly keep constant. For the hall-effect sensor  
1-2, their voltages rise immediately and keep 
oscillation. For the rest of hall-effect sensor 3-8, their 
voltages diminish when starting scour process around 
them. 

For comparison, we also performed the 
conventional normalization method, where the 
voltage (V) change of the hall-effect sensor are 
normalized by its initial voltage (Vo), as shown in 
Fig. 17. A positive value of normalized voltage 
change of the hall-effect sensor is meaning that the 
magnet gets closer to the hall-effect sensor as the 
water striking the thin metal trip. On the contrary, a 
negative value is resulted from moving the magnet 
away from the hall-effect sensor by the scour process.  

The alarm condition for the scour event is a 
threshold value of normalized voltage of the hall-
effect sensor, which is set as ~8 %. The alarm for the 
scour event is activated if threshold value of alarm is 
met. According to the time of activated alarm, the 
time variation of scour depth at the pier at flow rate of 
0.5 m3/s is obtained, as shown in Fig. 18.  

 

 
 

Fig. 16. Real-time monitoring voltages of hall-effect sensor 
modules during scour experiment in flume B. 

 
 
 
 

 
 

Fig. 17. Plots of normalized voltage change of the  
hall-effect sensor versus time during the scour experiments. 

 
 

 
Fig. 18. Time variation of scour depth at pier  

at flow rate of 0.5 m3/s. 
 
 

A natural logarithmic tread was around the pier 
model where the scour depth increased rapidly within 
500 s, after 500 s the rate of scour gradually 
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decreased. A good agreement is observed between 
the present study and the previous study [8]. The 
natural logarithmic function of time variation of 
scour depth as show following 

 
Sdepth = 3.5057(t) – 11.213, (2) 

 
where SDepth is the scour depth, and t is the time 
variation. By using the equation, it is possible to 
predict scour depth around a pier by our method. 
Fig. 19 shows the snad bed around pier model before, 
under, after scour experiment. 
 
 

 
 

Fig. 19. Photos of the sand bead around pier model  
(a) before, (b) under, (c) after scour experiment  

in the flume B. 
 
 

4. Conclusions 
 

Comparison of existing system for monitoring 
bridge scour is shown in Table 2. In this study, we 
have proposed the architecture of real-time bridge 
pier scouring monitoring system featuring hall-effect 
sensors. Our proposed real-time monitoring system 
offers the advantage of low-cost and easy mass 
deployment. The overall cost for single sensor node 
of our proposed work is at least 40 % less expensive 
than existing solutions (TDR).  

 
 

Table 2. Comparison of existing system for monitoring 
bridge scour. 

 

 TDR Radar FBG 
This 

work [9]
Cost ($) >250 >3500 240a ~100 
Resolution (cm) 2.5 10 10 2.5 
Temperature effect Yes Yes Yes NO 

Work environment 
Water; 
Sand 

Air 
Water; 
Sand 

Water; 
Sand 

Real-time Yes No Yes Yes 
 
a This price is only for sensor. 

Our bridge pier scour monitoring system with a 
solution of 2.5 cm is demonstrated in recirculating 
laboratory flumes. Furthermore, we also have 
developed the data acquisition software, which 
automatically collects data of each sensor node. 
Therefore, it is practical to use our proposed real-
time scour monitoring system for diagnosis bridge 
pier scour events. Next step, we will further 
widespread implementation in the field. 
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Abstract: The sensitivity of a force sensor based on photo-elastic effect in a monolithic Nd-YAG laser depends 
strongly on the geometrical shape and dimensions of the laser medium. The theoretical predictions of sensitivity 
are in good agreement with first results obtained with a plano-concave cylindrical crystal of (4×4) mm and some 
values reported by other groups. However, for small size of the laser sensor, the developed model predicts 
sensitivity, about 30 % higher than the values given by available experiments. In this paper, we present 
experimental results obtained with a force sensor using a miniaturized monolithic cylindrical Nd-YAG laser of 
dimensions (2×3) mm with suitable optical coatings on its plane end faces. The new result of measurement 
concerning the sensitivity has allowed us to refine the theoretical model to treat photo-elastic force sensors with 
small dimensions. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 
 

The metrological characterization of scientific 
and industrial instrumentation employing small 
forces remains an intermediate target to ensure that 
measurements of forces lower than 0.5 N are 
traceable to the S. I. system of units [1-2]. Recently, 
a number of laboratories have shown a particular 
resurgence and interest to connect results of small 
forces measurements obtained with various devices 
[3-4]. Indeed, development of micro-robots for 
microsurgery for the retina or colonoscopy, 
measurement of stiffness of atomic force microscope 
cantilevers and handling fragile objects, all require 
one to know the forces exerted on the manipulated 
objects [5]. In these areas of activity, the 
implementation of forces in the range of 0.5 N to 

100 µN by instruments has led to the necessity to 
develop ways to measure and control the forces 
which are generated by a given device. In fact, 
measurements based on different physical principles 
can be compared, at least in the range of their 
overlap. Systems of different configurations, based 
on the exploitation of the photo-elastic effect in a 
crystal, have been developed and used to measure 
small forces. The results obtained are encouraging 
despite the difficulties raised for the generation and 
application of small forces with good reproducibility 
[6-7]. It remains to resolve the difficulties in 
achieving monode Nd-YAG lasers and to reduce the 
effect of misalignment from sources of vibrations. 
For this purpose, it is necessary to use monolithic 
configuration with the resonator mirrors coated 
directly upon the end face of the crystal. To achieve 

http://www.sensorsportal.com/HTML/DIGEST/P_2581.htm
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single longitudinal mode operation of the  
laser emission, we need resonator length shorter  
than 1 mm. 

Here, a focus on photo-elastic force sensors with 
high sensitivity is made. The reasons for this 
approach are related, to the fact that in a previous 
work we observed significant discrepancy between 
available experimental values of sensitivity and those 
predicted by the theoretical model based on some 
assumptions that are discussed in Section II, but also 
to the growing interest in many areas in the 
implementation of various devices for generation and 
measurement of small forces. To improve the theory, 
we started to make a photo-elastic force sensor 
whose dimensions lie in a range for which there is no 
experimental data, i.e. length×diameter is in between 
3 and 12 mm2. The ability to use a monolithic solid-
state laser is that of a cylindrical Nd-YAG 
(neodymium-yttrium aluminum garnet) rod of 2 mm 
in length and 3 mm in diameter having plane  
end-faces. The resonance cavity of the solid state 
laser, represented by the end face of the crystal, was 
plan-plan in comparison to the first one which was 
plano-concave. The input face is coated for 
maximum reflectivity at 1064 nm and high 
transmission at 808 nm, while the output face is 
coated for about 1 % transmission at 1064 nm. 

In the next Section, a brief reminder on the 
theoretical photo-elastic effect in a laser will be done. 
Section III will describe the new laser, Nd-YAG 
playing the role of sensitive element of the force 
sensor, as well as the experimental set-up. The results 
will be presented and discussed in connection with 
theoretical predictions in Section IV.  

 
 

2. Induced Birefringence by Mechanical 
Stress 
 

The birefringence is induced in an Nd-YAG laser 
rod under mechanical stress generated by external 
force applied on the crystal, as illustrated in Fig. 1.  

 
 

 
 

Fig. 1. Orientation of the photo-elastic rod relative to the 
direction of the applied force. a)- front view; b)- side view. 

 
 

In order to link the force intensity to the induced 
birefringence (based on photo-elastic effect), we 

assume the stress distribution over the length of the 
laser rod is uniform. The stress components yσ  and 

xσ  along the principal directions of the rod, induced 

by the applied force F , are represented by [8]: 
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where   and d are the length and diameter of the 
cylindrical crystal respectively, while the parameters 
α  and β  depend on the nature of the contact 
between the laser crystal and its support and on the 
orientation of the pumping beam at 808 nm relative 
to the principal axis of the Nd-YAG crystal. 
The relative stress, along the orthogonal directions x 
and y, induced in the center of the rod is then given 
by relation: 
 

F
dyx ×+=−
π
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The induced frequency shift between the frequencies 

of the orthogonal polarizations //E and ⊥E  of the 
oscillating laser mode is expressed as a function of 
external force by:  
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where 
)( q

PEC
λ

 is the photo-elastic constant of the  

Nd-YAG crystal. For laser light of wavelength 
nm1064=qλ (frequency νq ≅ 281.76 THz), the 

theoretical value of the relative stress-optic 
coefficient is given by [9]: 

1212)(
Nm101,25]111[ −− ××=q

PEC
λ

. We have noted 

that this value is very close to the measured one [10].  
The sensitivity of the force sensor is then 

approximated by the relation: 
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In an ideal configuration, one edge of the 

cylindrical rod is in contact with a flat surface and 
the rod is illuminated by the laser beam along its axis 
of revolution. In this case α  and β  are related  

via [11]: 
 

πβα 8)( ≅+  (5) 
 

These conditions are not easy to implement in the 
case of a monolithic laser of small diameter.  
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To interpret the observed differences between 
measurements and theoretical predictions already 
used before [12-13], we sought to correctly model 
value of the form factor )( βα + .  

For value of )( βα +  given by (5), the sensitivity 
is reduced to: 
 

d
dS


 1

8,492),( ×≅  (6) 

 

In (6), the sensitivity is in 1NMHz −  if   and d  

are in mm. 
Precisely, the results of this approach have been 

confronted to experiments. As we will show in 
Section IV, the model used is not suitable especially 
for laser sensors using a small crystal. To improve 
this model, experimental values of sensitivity for 
different sizes )( d×  of the monolithic laser 

transducer are of great interest and particularly for 
crystal size )( d×  where no data are available.  

 
 
3. Experiment 

 
For technical reasons, we used a cylindrical 

crystal having a length of 2 mm and a diameter of  
3 mm with parallel end faces (Fig. 2). The pumping 
face is coated to have HR@1064 nm and HT@808 
nm and the second one is coated with HT@808 nm 
and HR (99.5 %) @1064 nm. The laser is bonded to 
its holder formed by a rectangular channel having a 
width of 3.5 mm and a depth of 3 mm, machined in 
an aluminum part. The temperature of the rod and the 
holder assembly is stabilized to better than ± 0.02 °C 
by using a proportional-integral-derivative  
(P. I. D) controller.  

 
 

 
 

Fig. 2. Monolithic configuration of the Nd-YAG laser used 
as sensing element of the force sensor. 

 
 
In this experiment a new procedure is employed 

for loading the laser rod by using a mass standard. In 
fact, a rectangular (3×2) mm flexible blade made 

from a sheet of HAVAR material (a non-magnetic 
alloy of Co/Cr/Ni/Fe/W/..., having a high strength) 
with a thickness of 10 µm is bonded to the upper 
portion of the laser and plays the role of a pan as in 
an electromagnetic compensation balance. 

The photography of Fig. 3 gives an overview of 
the experimental set-up. One can find more details on 
the experimental design in [12]. 

 
 

 
 

Fig. 3. View of the photo-elastic force sensor device. 
 
 

The various components as indicated in this 
Fig. 3 are: (1) - laser diode system @ 808 nm;  
(2) - lens; (3) - Nd-YAG rod; (4) - bandpass filter for 
residual beam @ 808 nm; (5) - 4π polarizer;  
(6) - adjustable pinhole; (7) - lens; (8) - nanosecond 
photo-detector; (9) - spectrum analyzer. 
 
 
4. Results 

 
The response and the sensitivity of this photo-

elastic sensor were analyzed by measuring the 
deviation of the beat note frequency when applying, 
on the top of the crystal laser, deadweight linked to a 
mass standard, em . 

 
 

4.1. Response of the Sensor  
 
Mass standard of 0.1 g (≈ 1 mN) to 20 g 

(≈ 200 mN) were used to study the response of the 
photo-elastic sensor. As shown in Fig. 4a, the 
response is almost linear over the range studied and 
is checked on a wider range. In fact, same results 
were reported before for other size of photo-elastic 
Nd-YAG crystal of the force sensor [6-7, 13]. 

Using the least squares method, we deduce, from 
results reported in Fig. 4a, the mean value of the 
sensitivity and its uncertainty to: 

 

gMHz(0.0034)0.5947 1
exp

−×≅S  
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In terms of force this value is equivalent to: 
 

1
exp NMHz(0.35) 60.63 S −×≅  

 
To examine the response of the sensor to the low 

forces, we have considered only the beat frequency 
measurements observed when the crystal of the force 
sensor is loaded by mass standards smaller than 2 g 
(about 20 mN). From Fig. 4b; which represents a part 
of Fig. 4a, we deduce the sensitivity of the sensor by 
the same method used before. 

.gMHz(0.01190.5686 1−×≅S Or, in terms of 

sensitivity to a force: .NMHz(1.21)97.75 1−×=S  

 
 

 
 

 
 

Fig. 4. Response of the sensor under the action  
of deadweight. b) Is a zoom, at low loads, of Fig. 4a. 

 
 

Comparing these two results, we can conclude 
that the sensor sensitivity to weak forces does not 
change significantly (lower by about 3 % compared 
with the value deduced from a wider range of 
loading). However, we get an uncertainty on the 
derived sensitivity three times larger, because of the 
level of uncertainty on the frequency of the observed 
beat note between the two orthogonal polarizations. 

To study the reproducibility of measurements of 
frequencies we made several series of measurements 
using a calibrated mass of 5 g, by measuring the 

frequency of the beat signal when the laser crystal 
was free and when it was subjected to the action of 
the net weight of the mass standard, em  placed and 

staying on the top of the crystal in a perfect balance 
in the local gravitational field. The condition to take 
correctly a frequency measurement is that mass 
standard placed on the crystal must remain truly 
balanced on the rod so that the load is distributed 
equally in each cycle of mass insertion and removal.  

This phase of measurement is the most critical 
because it affects the reproducibility of the stress 
exerted by the dead weight on the crystal. Despite the 
fact that the procedure of insertion and removal of 
the mass standard is performed manually, the 
measurements turn out to be reproducible. The 
results of the beat frequency measurement are 
reported in Table 1. 

 
 

Table 1. Mean values of observed beat frequency when the 
crystal is unloaded then loaded with deadweight of 5 g. 

 
State of 
the laser 
crystal 

Mean 
value 

(MHz) 

Repeatability 
(MHz) 

Reproducibility 
(MHz) 

Unloaded 20.55 0.04 0.08 
loaded 23.51 0.05 0.1 

 
 

The mean value and the associated uncertainty of 
repeatability are derived from the average of an 
actual range of ten values of measured frequencies 
for each state of the laser crystal.  

The uncertainty of reproducibility is evaluated 
from the measurement of several repeated cycles of 
applying and removing the mass standard of 5 g. 
During successive cycles of loading and withdrawal 
of the force transducer, the mean frequency of the 
beat signal changes from 20.55 to 23.51 MHz. These 
values are obtained by averaging the observed 
frequencies measured alternately when the mass 
standard is inserted then removed. For a given 
situation of the sensitive element of the transducer, 
the frequency of the beat note is measured with a 
repeatabilty better than 50 kHz. However, the 
reproducibility of the frequencies observed during a 
series of about fifteen successive loadings and 
removals is of the order of 100 kHz. This large 
scatter is mainly generated by the reproducibilty of 
internal stress distribution, induced in the center of 
the laser sensor, after each cycle of measurement 
when the sensing element is loaded by mass 
standard. A priori, one could reduce this limitation by 
improving the system of loading and unloading the 
sensitive element of the transducer.  

Experimental sensitivity of the transducer, 
determined here by using only one mass standard, is 
given by: 

 

1
)()(

*
exp gMHz0.592 −×≅

−
=
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Or, ;NMHz35.60 1*
exp

−×≅S this value is very 

close to ,NMHz60.63 1
exp

−×=S deduced from 

linear fit of results reported in Fig. 4a. 
The associated uncertainty of repeatability is 

evaluated to:  
 

1
exp NMHz1.30 −×≅)(Surepeat  (7) 

 
If one considers the most pessimistic situation 

related to the reproducibility of frequencies 
measurement in a series of a mass standard insertions 
and removals, one obtains: 

 
1

exp NMHz2.61 −×≅)(Sureprod  (8) 
 
This last uncertainty is the main limitation in 

terms of measurement for this kind of force sensor.  
 
 

4.2. Sensitivity and Size of the Sensing 
Element of the Force Sensor 

 

The new values of sensitivity and his uncertainty 
are reported in Fig. 5 and compared to the 
experimental measurements available for different 
force transducer reported before by others authors 
[11, 14]. In this figure, only results obtained with a 
photo-elastic force sensor using monolithic Nd-YAG 
laser are considered for comparison. It can be seen, 
from this figure, that the predicted sensitivities by (6) 
corresponding to the ideal situation, discussed in 
Section II, are clearly superior to experimental values 
when the dimensions ( d× ) of the laser sensor are 
small. As one can see from Fig. 5, this is the case of 
the two available experimental values of sensitivity, 

corresponding to 3)( =× d  and .mm6 2   
 
 

 
 

Fig. 5. Sensitivity of photo-elastic force sensor versus 
dimensions of the monolithic sensing element Nd-YAG 

laser. a) - [11]; b) - [14]; c) - [13]; d) - this work. 
 
 

In Fig. 5, the solid line is given 
by )(8,4921 dS =  and corresponds to a simple 

theoretical model (Section II) while the dot one, 
43)(3102 ddS  += , is an empirical relation 

which provides sensitivity values close enough to 
experimental results. Thus, the new results show that, 
when the sizes of the sensor are small, the sensitivity 
of the photo-elastic force sensor depends, in a 
relatively complex way, on the nature of the contact 
and on the localization of the applied force associated 
with the calibrated weight. Therefore, for the small 
size of the sensitive element, it is difficult to obtain 
high sensitivity with good reproducibility required 
for the measurement of small forces at the 
micronewton level with acceptable accuracy.  

However, this type of sensor should prove  
useful for force measurement over a range of five 
orders of magnitude, namely from less than  
100 µN to more than 10 N. This wide range is very 
useful when trying to make comparisons with  
results obtained with other devices used in small 
force measurement. 

 
 

Table 2. Values of the physical quantities used  
for the determination of the deadweight dwF . 

 

Quantity Value Uncertainty 

Local gravity 

)sm( 2−×  
9.8093810=ocg  7103 −×  

Mass standard 
g)(  

0.1=em  6105 −×  

Mass density 

)mkg( -3×  
7850=eρ  3104 −×  

Air density 

)mkg( 3−×  
1.1950=aρ  4102 −×  

 
 

4.3. Force Measurement 
 

The force acting on the laser sensor when a mass 
standard em is balanced on the rod, corresponds to 

the dead weight in the local gravity locg .  

It is given by: 
 

)1( ealocedw gmF ρρ−= , (9) 
 

i.e. the weight in vacuum minus the buoyancy 
correction. aρ and eρ  are respectively the air 

density and the density of mass standard. Using the 
values measured in the laboratory, as given in 
Table 2, the force exerted on the laser by the action 

of me = 0.1 g is theoretically: N. 109.808 4−×=dwF   

The dominant component of the overall 
uncertainty associated with this value of force comes 
from that of the standard mass, .em  

 

N10)()()( 8−≅∂∂≅ eedwdw mumFFu  
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When this force acts on the sensing element, the 
shift induced on the frequency of the beat note is 
about 60 kHz, i.e., at the level of the reproducibility 
of frequency measurement. The measured  
force is determined from the experimental  
sensitivity of the force sensor and measurement of 

the frequency shift ,unloadload νΔνΔ −  induced by 

the action of an unknown force. The intensity of this 
force is then calculated from:  
 

expexp )( SF unloadload νΔνΔ −=  (10) 

 
In the case of deadweight associated to 

g1.0=em , the values of force determined from (10) 

and expressions of expS  and *
expS  are respectively 

given by: 
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×=
−

−

N1094.9

N1090.9
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4
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These experimental values differ by about 1 % 

from that calculated using (9). Considering the 
uncertainty of repeatability in the determination of 
the experimental sensitivity, the uncertainties 
associated with these values of force are at the same 
order, or: 
 

N10)( 3−≅Furepeat  

 
We note that this uncertainty is at the level of the 

measured value for the applied force. On the other 
hand, the uncertainty of reproducibility is twice  
as important. 

Since the sensor output is governed by the stress 
developed in the photo-elastic material, reading 
could be erroneous if the contact is located at one end 
of the crystal and not along one of its edges. The 
range of the applied force, at the micronewton level, 
can be improved by increasing the contact area of the 
sensor or by using photo-elastic material with higher 
constant of optical stress. 

As perspective, we plan to consider a force sensor 
based on a dynamometer using a passive diamagnetic 
spring having a very low stiffness to be coupled to 
the photo-elastic force sensor in order to apply a 
quantifiable vertical force on the photo-elastic 
crystal. The objective is to make the optical system 
traceable for its lowest range of measurement  
(1 - 100 µN) by realizing a connection of traceability 
of the two sensors. The magnetic force sensor 
consists of a magnetic and rigid microcapillary in a 
passive diamagnetic levitation as reported in [15]. 
For this work, we hope to have a miniaturized 
monolithic Nd-YAG laser with a length smaller  
than 1 mm. 

 

5. Conclusions 
 

In this report, we have presented the photo-elastic 
force sensor used to characterize the response, in 
terms of sensitivity and its uncertainty, especially 
when the dimensions of the sensing element are 
small. The new determination of sensitivity was used 
to obtain the best fit between theoretical predictions 
and experimental values of sensitivity for the photo-
elastic force sensors.  Hence, the result is novel in the 
sense that it provides new information on the 
behavior of the sensitivity for a given sensor size, 
which showed the overall effect of the nature of the 
contact, represented by the geometrical factor, on the 
sensitivity of the sensor. To adjust the theoretical 
model so it agrees with the results of a set of 
measurements, we have reconsidered the contribution 
of the shape factor to the value of the sensitivity. 
Thus, fitting this parameter, we have reduced the 
observed differences between experimental  
values of sensitivities, based on photo-elastic  
effect in a monolithic Nd-YAG laser, and  
theoretical predictions. 

Finally, we can conclude that this type of force 
sensor can provide high sensitivity, when using small 
size for sensitive element but we observe a slight 
deterioration in the reproducibility of the 
measurements. To avoid aging of the sensing 
element, the force range should be adjusted in order 
to prevent deformations that could cause distortion of 
the crystal as a result of lateral forces or torques. We 
plan to study these aspects in order to characterize 
the two sensors we have used for potential 
applications in industry. However, we believe that it 
can be quite suitable for the detection and 
measurement of force in the range of 1 N - 0.1 mN. 
Also, it can be used and integrated to other systems 
in the view of traceable small force measurements to 
the International System of Units. 
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Abstract: Wireless Inertial Measurement Units (WIMUs) are increasingly used to improve our understanding of 
complex human motion scenarios. In sports this allows for more valid coaching, selection and training methods 
leading to improved athletic performance. The Push-Start in the Winter Olympic sport of Bob-Skeleton is poorly 
understood but believed to be critical to performance. At the University of Bath a piece of gym-based equipment 
called the “Assassin” used by athletes to practice the Push-Start was instrumented with a custom WIMU system 
to investigate this motion regime. A test subject performed 36 runs, comprising 3 runs at each of 
12 combinations of 3 Incline and 4 Weight settings. A developed algorithm automatically identified valid data-
files, extracted the Pushing-Phase Acceleration data, and estimated sled Velocity and Displacement. The 
average velocities derived from an existing Light-Gate and WIMU data-files were comparable, with an average 
Root Mean Squared Error of 0.105 meters per second over the 52 valid WIMU data-files identified, covering 
11 of the 12 Weight and Incline settings. Additional investigation of WIMU data revealed information such as: 
step count; track incline; and whether weights had been added could be determined, although further verification 
and validation of these features are required. Such an automated WIMU-based system could replace 
performance monitoring methods such as Light-Gates, providing higher fidelity performance data, additional 
information on equipment setup with lower-cost and greater ease-of-use by coaches or athletes. Its portable and 
modular nature also allow use with other training scenarios or equipment, such as using additional on-body 
WIMUs, or use with outdoor and ice-track sleds, enabling performance monitoring from the gym to the ice-track 
for improved candidate selection, comparison and training in Bob-Skeleton and other ice-track based sled sports. 
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Wireless Inertial Measurement Unit, Accelerometer, Bob-Skeleton, Sled, Error Correction, 
Performance Monitoring. 
 
 
 
1. Introduction 

 

Bob-Skeleton is a Winter Olympics ice-track 
sledding sport – as are the more well-known events 

of Bob-sleigh, Luge and Toboggan – where a single 
athlete rides an open sled in a face-forward, prone 
manner. Each run begins with the Push-Start, which 
requires the athlete to sprint from stationary, in a 

http://www.sensorsportal.com/HTML/DIGEST/P_2582.htm
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crouched position, accelerating to maximum 
velocity, over a short distance (~ 30-45 m), while 
pushing a heavy sled (~ 30-40 kg), before “Loading” 
(i.e. transitioning), then Riding the sled through a 
series of turns on tracks that are up to 1.5 km  
long (Fig. 1). 

 
 

 
 

Fig. 1. The 3 Stages of a Bob-Skeleton Start  
(from left to right) Pushing, Loading, and Riding. 

 
 

The sport is highly competitive, with the top 
times over the roughly 90 second run duration often 
within a fraction of a second of each other. While 
high velocity at the end of the Push-Start region is 
generally believed to be the most crucial aspect of 
final race time [1-2], this motion regime is poorly 
understood. A combination of the sport’s small size 
and difficulty in accessing ice-tracks, is likely 
responsible for the lack of detailed Push-Start data 
and published studies. Relevant publications often 
rely on problematic data sources, such as: official 
timing (which ignores the first 15 meters) [1], [3-5]; 
alternative single interval timing (which hampers 
direct comparison, or understanding of subtle 
changes) [6-7]; or use complex and costly data 
gathering systems (limiting widespread use) [8-10]. 

As such, we set out to develop an easy-to-use, 
portable system that can provide high-quality sled 
velocity data. Ideally “On-Ice” performance would 
be investigated, however “Dry-Land” methods are 
more likely to be used for selection, comparison and 
training of Bob-Skeleton athletes [11-13] – especially 
for new athletes or in countries without a well-
established amateur Bob-Skeleton system or easy 
access to ice-tracks – so initial system development 
and data gathering used such facilities at the 
University of Bath [14-15]. 

The “Assassin – Horizontal Power Trainer” is an 
indoor, gym-based Push-Start training tool. It 
consists of a sled which runs along a pair of parallel 
straight rails, allowing a 3 meter Free Travel Length 
before impacting the buffers, it also allows weights 
to be added to the sled and the track incline angle to 
be adjusted from horizontal to change the pushing 
effort required of the athlete; a Light-Gate pair 
provides quantified performance data; (see Fig. 2  
and Fig. 3). 

Wireless Inertial Measurement Units (WIMUs) 
are small electronic devices containing sensing 
elements, similar to those in smart-phones (i.e., 
Accelerometers, Gyroscopes, and Magnetometers), 
along with supporting components, which can act as 
un-tethered motion sensors. A custom WIMU system 

was built on the Tyndall 25 mm Mote Micro-System 
platform as part of on-going work on human motion 
capture for health and sports applications [16-21]; 
with laboratory calibration performed during 
assembly [22]. These were attached to the Assassin 
Sled for Push-Start data gathering. 

 
 

 
 

Fig. 2. Assassin Diagram with 3 m Free Travel Length (red) 
and 2.5 m Timed Region (blue). 

 
 

 
 

Fig. 3. Attached WIMU (inset) and Assassin In-Use. 
 
 

The main desired output of this system was sled 
velocity, as this was considered the key performance 
determining feature of a good Push-Start. An 
automatic process was developed to accurately 
determine sled velocity using WIMU data recorded 
from an Assassin run [14]. The WIMU system’s high 
sampling rates provided detailed information on how 
velocity develops from standstill, which could be 
crucial in determining the subtle effect of changes to 
training, warm-up and pushing technique and giving 
a competitive edge. 

WIMU derived sled velocity results were 
validated by comparing to an existing Light-Gate 
system. An initial target of accuracy within 
0.1 meters per second was set as this was considered 
the threshold for indicating notable differences in 
performance levels and effectiveness of coaching 
interventions. 

Detection or identification of any additional 
features of interest from the WIMU sensor data was 
also attempted as these may help identify changes to 
technique or allow for more automated logging of a 
training session. 

In Section 2, “Data Sources and Method”, the 
equipment, setup, subject and procedure are 
described. Section 3, “Analysis”, describes the stages 
of a run from the sensor data, focusing on the 
segmentation and processing of sled acceleration data 
during the Pushing Phase, as well as how to improve 
results using drift correction methods as included in 
the automatic adaptive integration process. Section 4, 
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“Results”, details the average velocity value output 
generated for each data-file, how these are combined 
to quantify overall performance of the WIMU system 
against the Light-Gate as well as the potential for 
determining additional useful information. Sections 
5, 6 & 7 contain the “Discussion”, “Conclusion” and 
“Future Work” sections that contextualize the results, 
the effect of this work and detail how it can be 
developed from this point. 

 
 
2. Data Sources and Method 
 

All testing was performed in a single session, 
using the same subject, with a range of equipment 
settings and repeated runs at each setting. WIMU 
sensor output, Light-Gate timing, Assassin setting, 
and physical measurement data were recorded during 
this session and are described in further detail below. 

 
 

2.1. WIMUs, Location and Orientation 
 

Two identical WIMUs were configured to 
provide sensor data as follows: Accelerometer – Rate 
256 Hz, Range ±16 g; Gyroscope – Rate 256 Hz, 
Range ±2000°/s; Magnetometer – Rate 50 Hz,  
Range ±1 Ga. The effective sampling rate varied, 
being dependent on un-predictable events such as 
wireless packet loss. Data was streamed via 802.15.4 
compatible radio at 2.45 GHz to a Base-station 
connected to a notebook computer. APIs and  
scripts – written in the Python programming 
language (python.org) – enabled WIMU 
configuration, as well as gathering, processing and 
logging to Hard Drive of sensor data. All sensor data 
were converted to real world units – using previously 
gathered laboratory calibration values stored on each 
WIMU – before being written to file. 

Two WIMUs (Front and Top) were placed into 
3D-printed holders before being secured to the metal 
spars of the moveable sled, with similar orientation, 
using Velcro-elastic straps and tape as shown in  
Fig. 3. The Z-axis of the WIMU was aligned with the 
direction of forward motion of the sled as this 
provided the clearest Line-of-Sight between WIMU 
antenna (located on the +Z face of the WIMU) and 
Base-Station (located on a table to the side of the 
Assassin). The X-axis was aligned with the gravity 
vector for the Assassin at a 0° Incline setting. Using 
multiple WIMUs provided redundancy and allowed 
for investigation of the effect of WIMU placement. 

Of note, the Front WIMU was secured directly to 
a horizontal member of the sled, whereas the Top 
WIMU was secured to a vertical member of the 
padded shoulder attachment the athlete pushed 
against. The sled ran on the rails using several small 
rubber wheels on the top and bottom of each rail 
member, this allowed some tilting of the sled as the 
athlete addressed it or pressed against it. The 
shoulder attachment was also secured to the sled 

using bolts which also had some “play”, allowing 
additional movement relative to the sled. The effect 
of the different WIMU positions and relative motions 
due to such mechanical play will be discussed later. 

 
 
2.2. Other Equipment and Data Sources 
 

A Brower “Timing Centre” Light-Gate  
system [23] – consisting of 2 emitters and 2 receivers 
on approximately 1m tall tripods forming a 2 beam 
system – was positioned to cover approximately the 
central 2.5 meter portion of each run, indicated using 
X-shaped marks on the ground (See Fig. 2 and 
Fig. 3). The distance between these X-shaped marks 
for positioning the Light-Gates and heights of the rail 
at each end for the different Incline settings used 
were measured using a surveyor’s tape, providing 
results considered accurate to the nearest centimeter. 
Nominal Incline angles and Free Travel Length were 
provided on technical drawings of the Assassin made 
available as part of the investigation. 

 
 
2.3. Subject 
 

A fit male was used as the test subject, 
representing a potential Bob-skeleton athlete 
undergoing selection. He was familiar-with and 
trained-in the use-of the Assassin, and was part of 
on-going sports science and performance research 
programs at the University of Bath and UK Sports 
which these tests were a part of. The purpose, 
procedures and equipment were explained to him and 
he had opportunity to ask questions or suggest 
changes to the procedure. He was also allowed to 
warm-up, take breaks, perform practice runs or stop 
the testing at his discretion. 
 
 
2.4. Procedure 
 

36 test runs were planned, allowing for 3 runs at 
each combination of 3 nominal rail angles (including 
the minimum and maximum inclination i.e. 0, 4 and 
7°), and 4 weight settings (0, 20, 40 and 60 kg). The 
test procedure was as follows: 

 
1. Sled is at rest at starting point. 
2. Check, Adjust & Note Weight & Inclination.  
3. Reset WIMUs and Light-Gates. 
4. Test subject proceeds when ready. 
5. Stop WIMU recording after the end of run. 
6. Note Light-Gate timing value. 

 
 
3. Analysis 
 

An initial manual review of the gathered WIMU 
data was used to establish appropriate processing 
strategies and identify consistent events or features of 



Sensors & Transducers, Vol. 184, Issue 1, January 2015, pp. 26-38 

 29

interest. Filtering and graphing of the gathered 
WIMU data helped to identify such features and was 
performed using Microsoft’s Excel Spreadsheet 
software (products.office.com/en-US/excel) or the 
“Numpy” (numpy.org) and “MatPlotLib” 
(matplotlib.org) numerical analysis and graphing 
libraries for Python. The Z-Accelerometer was the 
principle WIMU data of interest as it allowed for 
estimation of sled velocity and displacement. The 
identified features are described and illustrated in the 
text and Fig. 4 below with the abbreviations for each 
feature being used throughout the rest of the text. 
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Fig. 4. Labelled Graph of Z-Accelerometer Output versus 
Time, showing the main features of an Assassin Run. 

 
 

3.1. Assassin Run Z-Accelerometer Features 
 
• Pre-Push-Off (PPO): Region with sled at rest 

at the start of the track; contains occasional motion 
artifacts due to the athlete addressing  
the sled.  

• Push-off (PO): The start of Pushing-Phase, 
identified by a sudden rise in acceleration from PPO 
quiescent levels. 

• Pushing-Phase (PP): Region lasting roughly 2 
seconds, with large, cyclical, acceleration features. 

• Impact Point (IP): A sudden large acceleration 
feature when the sled contacts the buffers, sensor 
saturation is common. 

• Post Impact (PIP): The remaining data, often 
beginning with saturated severe oscillations. 

 
 

3.2. Data from Other Sensors 
 

Non-PP Z-Accelerometer data, as well as the 
output of the 8 other sensor data streams gathered by 
each WIMU were also of use and will be  
discussed later. 

 
 

3.3. Sources of Drift & Error Correction 
 

Theoretically it should be possible to combine 
instantaneous sled acceleration values to yield 

accurate sled Velocity and Displacement. However, 
the recorded WIMU derived Z-Accelerometer data is 
not a perfect representation of sled acceleration along 
the track. This is due to issues such as: misalignment; 
gravity effects; relative motion; finite sampling rates; 
limited sensor range; noise; and quantization error. 
Each time such data are integrated these errors 
compound. This is called Drift and it tends to 
increase over time as shown in Fig. 5 below. 

 
 

Run 29, Front WIMU, Z-Integration Data
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Fig. 5. Sample of Integration Errors  
at Push-Off and Impact for Run Without Drift Correction 

showing increasing Error. 
 
 

Mitigation strategies are applied to the  
Z-Accelerometer data gathered from the Assassin 
runs, leading to significantly improved results  
as follows: 

• Avoid integration of data where no motion of 
interest occurs or where sensor data is unreliable as 
these data do not contribute to or accurately represent 
sled forward motion – i.e. remove the PPO and PIP 
regions as the sled is effectively stationary and they 
contain extended quiescent periods and saturation 
respectively. 

• Re-adjust sensor offsets for each Run & 
WIMU as these are highly liable to have changed 
from the previously determined values due to: 
orientation changes WRT to the gravity vector; 
temperature effects; voltage sensitivity; and sensor 
damage or aging. For this scenario, as we are mostly 
concerned with acceleration in the direction of sled 
motion, we can use knowledge of the track 
inclination angle, or the average PPO quiescent 
sensor value to determine initial offset values. 

• Use known physical limits as integration 
constraints. In the Assassin scenario these are: Initial 
Velocity and Displacement values are 0 meters & 
0 meters per second; Negative Velocity or 
Displacement values are not possible; and 
Displacement at IP equals the sled Free Travel 
Length (3 meters). Various key values which are 
known to be inaccurate can then be refined  
to yield integration results that meet these known 
physical limits. 
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• Re-estimate the integration period to account 
for differences between requested and effective 
sample rate. This can use individual sample-to-
sample periods or an overall average  
based on number of samples obtained over a  
known duration. 

While such methods could be performed “by-
eye” or manually, an automated method is desirable 
to reduce subjective human variability and enable 
development of a self-contained high-accuracy 
performance monitoring system suitable for use by 
athletes and trainers. 

 
 

3.4. Automated Sled Tracking Procedure 
 

An automated analysis system was implemented 
in the Python programming language to track the 
motion of the sled from recorded Accelerometer data. 
It consists of several stages as described below and 
illustrated in the flowchart in Fig. 6: Pre-Processing; 
Impact Detection; Run Segmentation; Start 
Detection; Integration; and Evaluation versus the 
Light-Gate. 

 
 

 
 

Fig. 6. Simplified Flowchart of Assassin Data  
Analysis Algorithm. 

 
 

1. Pre-Processing – Data are prepared for 
subsequent analysis. WIMU sensor values are 
converted to appropriate units (e.g. Acceleration in 
‘g’ to m/s2), filtered and smoothed (for use in 
subsequent integration, segmentation, and feature 
detection stages). Data from other sources (such as 
Light-Gate timing, Assassin settings and physical 
measurements), are also combined for more complete 
logging or used to estimate values (such as expected 
Accelerometer Offset based on Nominal Incline 
setting) for later processing stages.  

2. Impact Detection – The largest magnitude 
Acceleration features are identified as Impact 
Candidates. A threshold is used to check if these are 

suitably large, notifying the user and exiting 
processing of this WIMU file if no suitable 
candidates are found. 

3.  Segmentation – Contiguous Active and 
Passive regions of sensor data are identified using 
detection thresholds estimated from the variability of 
the most quiescent region of sensor data. From these, 
the Active region that contains sufficient data 
between its start and an Impact Candidate is 
identified as the PP. If segmentation is unsuccessful, 
new thresholds can be determined and segmentation 
re-attempted. 

4. Push-Off Detection – The start of the 
identified active region is searched for a 
characteristic Acceleration peak, the beginning of 
this feature is considered the Push-Off. 

5. Integration – Initial conditions are set, the 
offset is applied, period is determined and integration 
is performed based on the equations of motion to 
yield Sled Velocity and Displacement for each 
Accelerometer value. Comparing the estimated and 
known Displacement at IP allows for iterative 
refinement of the poorly known Sensor Offset to 
yield improved integration results. 

6. Evaluation – The integrated WIMU data 
corresponding to the region between the Light-Gates 
is extracted from the estimated Sled Displacement 
values using the known Light-Gate positions. The 
WIMU derived Sled Average Velocity values within 
this region can then be calculated for comparison 
with Light-Gate derived values for validation of the 
Procedure. 
 
 

3.5. Estimation of Full Run Duration 
 

Ideally, the effective sample rate would be 
constant and equal to the requested sample rate, 
leading to simple determination of the integration 
period. However, as previously mentioned, the 
system’s effective sample rate varies, being affected 
by unpredictable events such as wireless packet loss. 
Improved estimates can be made using per-sample 
times, or well-known sample counts over a specified 
duration; however at the time, the WIMU system 
lacked accurate per-sample time-stamping, 
preventing such direct estimations of effective 
integration period. As such, Light-Gate derived 
timing data was used instead of WIMU timestamps. 
However, the Light-Gates did not cover the full run, 
neglecting approximately the first and last 0.25 meter 
long regions of each run (Fig. 7).  

 
 

 
 

Fig. 7. Side view of Assassin showing pre- & post- Light-
Gate un-timed regions (Green & Red respectively). 
Displacements derived from preliminary WIMU 
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integration data from the 52 valid WIMU data-files, 
were used to identify those closest to the Light-
Gates, i.e. displacements of 0.25 and 2.75 m. The 
samples between these were counted and combined 
with the Light-Gate derived time to estimate the 
effective sample rate and hence integration period. 
Gathering all the results (Fig. 8) allowed the Timed 
Region to be estimated as 67.7±1.9 % of the Full Run 
duration. This ratio of 0.677 allowed ready 
estimation of the integration period from the number 
of samples during the Pushing Phase and the Light-
Gate duration.  

 
 

 

 
 

Fig. 8. Timed Region Duration Estimate from WIMU data. 
 
 

3.6. Identification of Valid Data 
 

Not all recorded WIMU data-files were of 
sufficient quality to yield reliable integration results. 
A fully automated system should be able to 
distinguish good and bad data-files to ensure only the 
most valid results are generated. Several data 
rejection conditions were identified, with suitable 
tests performed during analysis and warnings 
provided as follows: 
1. “Missing Events in WIMU Data” – Recording 

started too late or finished too early, cutting off 
PO or IP, and causing failure during event 
detection stages. 

2. “Missing Data from Other Sources” – Other 
essential data was un-available (i.e. Light-Gate). 

3. “Excess Data Loss” – PP had less than 50 % of 
the data samples expected. 

 
 

3.7. The Integration Process 
 

An initial estimate of sensor offset is made based 
on the average value of the previously identified 
passive regions of sensor data in the PPO region (1) 
from the Segmentation stage. This initial offset is 
applied to each PP sensor sample to better estimate 
sled acceleration. 

 

]/[ 20 sm
N

acc
acc

N

k k
offset

 == , (1) 

 

for N Quiescent raw accelerometer samples, acck, in 
the Pre-Push-Off (PPO) Region. 

A more representative integration period based on 

the effective sample rate is subsequently estimated. 
As mentioned above, using the previously 
determined ratio of Timed Region to Full Run 
durations (0.677), Light-Gate timing TLG, and PP 
sample count iPP, an improved period t, could be 
estimated as seen in (2). 
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for Integration Period t, Time T and Sensor Sample i. 
Using this period t, and the equations of motion, 

offset adjusted Acceleration data, a, from  
the PP can be used to estimate Velocity, v, (3) and 
Displacement, s, (4) for the n th sensor sample  
since PO. 
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Although the equations of motion above might 
seem the most logical choices to use for estimating 
Velocity and Displacement from Acceleration, in 
practice, rectangular integration is often used. 
Although the integration of Acceleration to Velocity 
(5) is functionally identical to the equation of motion 
(3), the integration to Displacement (6) is less 
computationally complex than its associated equation 
of motion (4). This makes the process more suitable 
for implementation on devices with limited 
processing power such as the Micro-controllers used 
in the WIMU. 
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Known and WIMU estimated Displacement at 
Impact are compared to each other and used to refine 
the Offset value using an iterative search process as 
explained in the C-style pseudo-code in Fig. 9 below. 

 
 

3.8. Evaluation of Integration 
 

The performance of the integration process was 
also evaluated by estimating the difference in WIMU 
and Light-Gate derived Average Velocity across the 
Timed Region. The Light-Gate Average Velocity 
was estimated using the equation of motion (7) by 
dividing the time displayed, by the nominal distance 
between the gates (i.e. 2.5 m). For the WIMU, the 
index of the first double integrated displacement 
values that met or exceeded 0.25 and 2.75 meters 
were identified, with all the corresponding Velocity 
values between these being combined using a simple 
numerical average. 
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WHILE( !complete && i<max_iteration ){ 
 IF( ABS(displ_error) >= target_accuracy ){ 
  IF( displ_error > 0 ){ 
   test_offset = offset – offset_step;} 
  }ELSE{ // displ_error < 0 
   test_offset = offset + offset_step;} 
  z_vel = itegrate( z_acc, test_offset, period );
  z_displ=itegrate( z_vel, test_offset, period );
  impact_displ = z_displ[-1]; 
  new_error = impact_displ – target_displ; 
  IF( ABS(new_error) < ABS(displ_error) ){ 
   offset = test_offset;     // update offset 
   displ_error = new_error;} // update error 
  offset_step /= 2; 
  i++; 
 }ELSE{ // ABS(displ_error) < target_accuracy 
  complete=True ;} 
} 

 
Fig. 9. Iterative Sensor Offset Refinement. 

 
 

The error for each data-file was estimated by 
subtracting the Light-Gate and WIMU derived 
Average Velocity values. To evaluate error over 
multiple data-files the Root Mean Squared Error 
(RMSE) (8) was used. This presents a more realistic 
idea of system accuracy compared to a simple 
average as it uses error magnitude, preventing over-
estimations from counteracting under-estimations, 
and also takes into account the number of values 
available at each point giving less weight to data 
points with fewer values. 
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for n samples, of differences between a recorded 
value y and the t th estimate of that value ŷt. 
 
 

4. Results 
 

Of the 36 runs, 2 WIMU data-files were 
corrupted giving 70 sets of useable WIMU data. Of 
these, 52 were determined to contain valid  
Z-Accelerometer PP data. All of these were 
segmented successfully on the first attempt. The 
iterative integration process used an initial step size 
of 10 m/s2, and a maximum of 20 iterations, allowing 
for offset adjustment resolution of 9.5×10-6 m/s2. An 
average of 12.17±0.98 sensor offset refinement 
iterations were required to reach the targeted Impact 
displacement value range of 3±0.005 m. 

A composite scatter graph of results was 
generated for each WIMU data-file processed to 
allow rapid analysis of results. This showed Time on 
the X-Axis (as either seconds or samples since PO), 
with Acceleration, Velocity & Displacement on the 
Y-Axis. These 3 WIMU derived values were graphed 
as solid blue, dashed green and dotted red lines 

respectively. Additional items include: a black 
vertical line indicating the identified PO (dotted) and 
IP (Dashed), with dashed horizontal lines indicating 
Light-Gate derived average velocity (cyan) and 
Impact Displacement (blue). A shaded cyan block 
covered the timed region with its height indicating 
the WIMU derived Average Velocity. Of note, the 
red dotted Displacement line should cross the vertical 
black dashed IP line near its intersection with the 
horizontal blue 3 m line, indicating IP occurred at 
3 meters. A good result was indicated if the shaded 
region’s height (WIMU derived Average Velocity) 
was close to the horizontal dashed cyan line (Light-
Gate derived Average Velocity). 

 
 

4.1 Integrated Versus Light-Gate Velocities 
 
Samples of the composite scatter graphs show the 

WIMU and Light-Gate derived Average Velocity 
over the timed region are very similar, differing by 
only 0.06 m/s in the example for Run 26 with the 
Front WIMU seen below (Fig. 10). 
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Fig. 10. Output for Run 26 showing Good Average 
Velocity Agreement between WIMU & Light-Gate Data. 

 
 

This was not an isolated good result, as indicated 
by the summary of errors presented in Table 1 below. 
As described above, the RMSE value is far larger 
than the Average error but gives a more realistic idea 
of performance variability, being similar to the value 
of Standard Deviation. 

 
 

Table 1. Combined Light-Gate versus WIMU Average 
Velocity Differences 

 
Error 
[m/s] 

Avg Std Dev Max Min RMSE 

Top -0.007 0.085 0.22 -0.124 0.084 

Front -0.002 0.062 0.178 -0.106 0.061 

Both -0.005 0.075 0.22 -0.124 0.074 
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To more readily visualize and identify 
performance or accuracy issues across the full range 
of Assassin settings, contour graphs were used. 
Weight and Incline settings are on the X & Y-axes 
respectively, with increasing values as you move to 
the upper right, and the actual graphed value of 
interest represented by changing colors ranging from 
high values in red to low values in blue. Gaps 
between values are filled and contours created using 
linear interpolation. Of note, white regions indicate 
no data is available and gray numbers at each 
location denote the number of results available and 
used at that combination of settings to produce the 
graphed value. The maximum and minimum values 
are also indicated with a black dot and associated  
text label. 

Graphs of Light-Gate and WIMU derived mean 
Sled Average Velocity (See Fig. 11 and Fig. 12 
respectively) show similar magnitudes and a trend 
for reduced velocity with increasing resistance as 
expected (i.e. increased Weight and steeper Incline 
leads to lower velocity).  

The RMSE graph (See Fig. 13) shows the high 
level of agreement between the Light-Gate and 
WIMU results, with a maximum error of 0.105 m/s, 
and most results being well within the target 
accuracy level of 0.1 m/s across the wide range of 
equipment settings used. The yellow color in this 
contour graph corresponds to the targeted system 
agreement level or accuracy of 0.1 m/s, “redder” 
colors are performing worse, and “bluer” colors are 
performing better than this target. It should be noted 
that the contours used on the RMSE graphs  
are much closer than those on the previous mean 
Average Sled Velocity Graphs covering 0.01 and 
0.1 m/s respectively. 

 
 

4.2. Light-Gate Uncertainty 
 
The Light-Gate derived Sled Average Velocity is 

not exact, as both the timing and distance 
measurements required have an associated 
uncertainty. The Light-Gate time data is provided on 
a handheld device screen in seconds with two places 
of decimals, as such estimated un-certainty is 
0.01 seconds. The un-certainty in the distance 
travelled by the sled, due to errors in positioning the 
Light-Gates on 1 m tall tripods, was estimated at 
0.02 meters. Additionally, inclination affects the 
actual distance travelled by the sled along the rails 
between the Light-Gates and depends on how they 
were positioned i.e. did the sled break the beams at 
the same point or at the same height above the 
ground? The difference between these was 
trigonometrically estimated as ±0.02 meters (2.519 or 
2.48 meters respectively for the 2 extreme situations 
at the maximum Incline of 7°) (see Fig. 14). Adding 
these gives an overall maximum distance error 
estimate of ±0.04 meters. By combining the lower 
time with upper distance estimates and vice-versa, 

the un-certainty in Light-Gate Derived Sled Average 
Velocity was estimated as ranging from 0.066 to 
0.115 meters per second (±2.3 % on average)  
(see Table 2). 

 
 

 
 

Fig. 11. Light-Gate derived Average Sled Velocity. 
 
 

 
 

Fig. 12. WIMU derived Average Sled Velocity. 
 
 

 
 

Fig. 13. RMSE of Sled Average Velocity  
for 2 Methods.  

 
 

 
 

Fig. 14. Illustration of Light-Gates and Assassin  
from side Showing Sources of Timed Distance  

Un-certainty. 
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Table 2. Light-Gate Uncertainty Estimates. 
 

For 2.5±0.04 m Duration 
[sec] 

Velocity 
[m/s] 

Un-
Certainty

Slowest 1.67±0.01 1.497±0.066 ±2.199 % 

Fastest 1.09±0.01 2.294±0.115 ±2.518 % 

Average 1.43±0.01 1.748±0.080 ±2.300 % 

 
 

4.3. Investigation of WIMU Placement 
 
The use of two different WIMUs placed at 

different locations on the moving sled gave rise to 
the potential for different results due to differences 
in: inherent device performance; radio environment; 
attachment to structural member; and motion regime 
at each location. The data in Table 3 and example 
processed scatter graphs from Run 26 (see Fig 15) 
illustrate the overall and typical per-run differences 
between the two WIMUs. 

 
 

Table 3. WIMU Performance Comparison. 
 

WIMU 
Valid 
Runs 

Assassin 
Settings 

Effect. 
Rate  

Error  
>0.1 m/s 

RMSE 

Top 28/35 11/12 85 % 8/28 0.08 m/s 

Front 24/35 9/12 78 % 2/24 0.06 m/s 
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Fig. 15. Front WIMU has smoother acceleration. 
 
 

The Top WIMU was located further back and 
higher up, and was attached to a vertical member of 
the shoulder attachment. It appears to provide a 
larger proportion of valid data sets, covering more 
Incline and Weight settings, with a smaller reduction 
in sampling rate. These are likely due to its position, 
reducing the chance of non-Line-of-Sight issues 
between it and the Base-Station, leading to fewer 
dropped packets. However, graphs of individual  
Z-Accelerometer output show more severe motions 
(Blue line on Fig. 16), likely due to play in the bolts 
previously mentioned leading to increased motion 

with respect to the sled. This may explain why it has 
proportionally more data files with errors outside the 
target of 0.1 m/s (8 out of 35 valid runs i.e. 
approximately 23 %) and why its RMSE value is 
higher. Of note, looking at the RMSE contour graph 
(Fig. 17), the worst results are achieved with the 
higher incline and lower weight settings, this may be 
due to shifting sled balance making it more likely to 
tip forward and backwards at each surge forward of 
the subject during the Pushing Phase. 

The Front WIMU was located on a horizontal 
member located at the front upper part of the sled. It 
provides a lower proportion of valid data sets, 
covering fewer Incline and Weight settings, with a 
larger reduction in effective sampling rate. These are 
likely due to its low position which provides a 
greater chance of non-Line of Sight issues between it 
and the Base-Station leading to more dropped 
packets. Its Z-Accelerometer data also appears to 
have higher vibration and noise levels but far less 
severe motions during the Pushing Phase (see 
Fig. 15) which likely results in it having 
proportionally fewer data files with errors outside the 
target of 0.1 m/s (2 out of 24 valid runs i.e. 
approximately 8 %) and its slightly lower overall 
RMSE value. Looking at the contour graph (Fig. 18), 
high weight and low incline settings give the worst 
performance; this may be due to the added weight 
compressing the rubber wheels allowing more 
effective transmission of vibrations through the sled 
to the WIMU. 

 
 

-1

0

1

2

3

4 Run 26 Top WIMU

-100 0 100 200 300 400 500 600-200  
 

Fig. 16. Top WIMU has more severe accelerations.  
 
 

 
 

Fig. 17. Sled Average Velocity RMSE for Top WIMU 
showing greater coverage but worse overall performance. 
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Fig. 18. Sled Average Velocity RMSE for Front WIMU 
showing worse coverage but better overall performance. 

 
 

Although it appears that WIMU placement affects 
results, both WIMUs still provide accurate 
performance and have additional pros and cons. The 
effect of placement should be investigated further. 

 
 

4.4. Other WIMU Derived Features 
 

Although determination of sled Average Velocity 
from Z-Accelerometer PP data was the main focus of 
this investigation, a more complete analysis of the 
data from all sensors revealed other potentially useful 
information. 

 
 

4.4.1. Step Detection 
 

The cyclical nature of the Acceleration regime 
during the PP was believed to be related to the 
subject’s gait, with each surge in Acceleration 
corresponding to the subject pushing against the 
ground with their feet at each step. As such, step 
counting was considered a possibility. This was 
attempted using filtering and peak detection methods 
on Z-Accelerometer data. Empirical tuning of 
variables allowed these features to be reliably 
detected. An example of output with Acceleration 
surges corresponding to each step highlighted in 
magenta for the Front WIMU in Run 22 is shown in 
Fig. 19, revealing 6 potential step features and 
attempting to quantify their contribution to sled 
forward motion.  

 
 

 
 

Fig. 19. Automated Detection of Steps (magenta). 

However, validation of this process was not 
possible as it would require additional gait data such 
as from WIMUs worn on the subject’s legs or 
synchronized video data.  
 
 
4.4.2. Inclination Determination 
 

The effect of gravity on the X &  
Z-Accelerometers could be used to estimate the track 
inclination. The PPO quiescent values from each 
sensor were estimated, then with an inverse tangent 
calculation both values were used to estimate Incline. 
The results for each WIMU were compared to the 
nominal Incline angle as well as that estimated 
Geometrically from measurements of the heights of 
each end of the 3 m Free Travel Length of the rails 
and presented in Fig. 20. Unfortunately, this was not 
as accurate as hoped with variability larger than the 
1° required to distinguish between adjacent Incline 
settings. This poor accuracy was due to the limited 
amount of PPO data, the effect of motion artefacts, 
and high sensor noise levels. Furthermore WIMU 
placement seemed to affect the results, with the Top 
WIMU having larger values and higher errors than 
the Front WIMU, likely due to the mechanical play 
issues previously mentioned. Of note, the 
geometrically estimated and nominal Assassin 
incline values do not even match well, with a 
difference of approximately 1°, indicating 
inaccuracies in either the measurements taken, or the 
Assassin equipment itself due to imperfect 
manufacture, installation or excessive wear of 
components. 

 
 

 

 
 

Fig. 20. Disagreement and variability of Calculated  
and Provided Assassin Incline Settings. 

 
 

The effect of the geo-magnetic field on a 
magnetometer can also be used to estimate 
inclination. Normally this requires precise knowledge 
of the local field, careful calibration and 
compensation for Hard & Soft iron effects or local 
magnetic anomalies. Although the presence of 
magnetic disturbances such as the metal components 
of the Assassin mean simple conversion using 
laboratory calibration values and trigonometric 
calculations cannot be used to directly estimate the 
inclination angle, there were notable differences in 
PPO quiescent Z-Magnetometer values at each 
Incline setting. Of note, these were also far clearer 
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and less affected by noise than those from the 
Accelerometer. This can as can in Fig. 21 where the 
average of 100 PPO quiescent Z-Magnetometer 
values (blue) on the composite graph shows 3 distinct 
regions corresponding to each incline setting (green). 

 
 

 

 
 

Fig. 21. Composite graph showing Magnetometer changes 
(Blue) for different Incline (Green) & Weight (Red) values. 
 
 
4.4.3. Weight Detection 
 

The PPO data for the initial, extra weight free, 
runs for each inclination displayed noticeably lower 
Z-Magnetometer values than subsequent runs at the 
same inclination with added weights (Fig 21). The 
weights added to the sled were made of cast iron and 
located near the Front WIMU; as such they affected 
the local magnetic regime enough to be detected by 
the WIMU’s magnetometer. Even though the effect 
was smaller than magnetometer changes in response 
to incline change, and did not allow the number of 
weights added to be determined, this may  
still be of use to further automate the logging of 
training sessions. 

 
 

5. Discussion 
 

WIMU and Light-Gate derived Average 
Velocities are very similar, with most (42 of 52) 
data-files giving results within the target accuracy of 
0.1 m/s. Much of this error can be attributed to 
limitations in the WIMU system such as noise on the 
Z-Accelerometer sensor, the lack of accurate per-
sample time-stamps and occasional data loss. RMSE 
contour graphs reveal the worst results tend to be 
those with extreme combinations of Weight and 
Incline settings. Of note, as the estimated Light-Gate 
uncertainty levels are rather large, ranging from  
0.06-0.115 m/s, it is possible that the WIMU system 
is performing better than indicated but is being 
masked by the uncertainty in the Light-Gate system 
derived results.  

The validity of using a fixed ratio of timed region 
to full run duration to estimate sampling rate may be 
called into question as within a run, issues such as 
the loss of a radio packet, would affect the size of the 
timed and untimed portions depending on where it 
occurred. However, by using a large number of files 
and assuming events affecting effective sampling rate 

were randomly distributed this should still give a 
good approximation. There is also the possibility for 
a trend as velocity changes throughout the test as 
weight and incline changes as well as fatigue affect 
the ratio of durations for the timed and untimed 
periods. As first Weight and then Incline settings 
were progressively increased, this would be expected 
to lead to decreasing velocity, accentuated by subject 
fatigue. Such a trend was noted but it was not 
pronounced, so a fixed value was used. Using the 
final integrated data, the validity of this was checked 
by re-estimating this ratio. The result of 68.95 % was 
similar to the initial estimate of 67.7 %. Relying on 
an external data source may also be questioned but 
an improved future WIMU system would negate the 
need for this, using more accurate, per-sample time-
stamping for direct determination of integration 
periods; or using on-board logging and processing to 
negate wireless data loss. These would remove the 
current implementation’s reliance on the Light-Gates 
for estimating integration period. 

Although a single accurate velocity value was the 
desired output of the system, it can be seen that the 
continuous stream of WIMU data provides a more 
complete picture of the Pushing-Phase. This could 
allow for more detailed analysis of the development 
of sled Velocity. Furthermore, it appears WIMU data 
can enable automated detection of individual steps, 
as well as Assassin Incline and Weight  
setting, however further validation of these is  
likely necessary. 

The small-size, low-cost, portability and 
automation of the current system implies that future 
implementations could remove requirements for 
trained users, extensive sled modifications or costly 
installation of trackside equipment. This combined 
with similar investigations of other Push-Start 
training equipment and other sports disciplines 
implies that these could be used to track performance 
across gym, test-track and on-ice sleds. Such a 
system holds great potential for: improving the 
understanding of the Push-Start; identifying good 
athletes and determining the effectiveness of 
coaching and training interventions. 

 
 

6. Conclusions 
 

Using WIMUs to instrument the Assassin Push-
Start Trainer, an automated method for determining 
average velocity was developed. Sled Average 
Velocity results were similar to those gathered using 
an existing Light-Gate system with Root Mean 
Squared Error within or similar to the target accuracy 
level of 0.1 m/s. Furthermore, it seems possible to 
automatically determine other useful information 
such as step count, equipment Incline and whether 
extra Weight has been added, allowing for an almost 
completely automated method of logging a training 
session. The system’s accuracy, low-cost, ease-of-use 
and portability, could provide greater access to such 
quantitative performance data, with its highly 
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detailed data enabling improved understanding of the 
Push-Start. These could lead to improved methods 
for Selection, comparison and training, potentially 
providing a valuable competitive edge. 

 
 

7. Future Work 
 
Although the system developed delivers estimates 

of sled velocity comparable to the existing Light-
Gate method, several avenues have been identified 
for further development. These cover improvements 
to WIMUs, the test setup, and additional  
data gathering. 

Improved WIMU hardware can address many of 
the issues encountered. Sensors with lower noise & 
higher sample rates could improve the accuracy of 
initial integration results. Improved radio systems 
with higher throughput may be needed to support 
these higher data rates, furthermore improved radios 
could also allow for reduced packet loss by being 
able to handle acknowledgements and re-transmits 
while still maintaining high throughput, further 
improving accuracy. Alternatively the use of data 
storage, time-stamping and an improved processor in 
WIMU hardware could allow data gathering and 
processing to be performed on-board, removing 
much of the reliance of RF and its associated issues. 
On-going developments to Tyndall’s WIMU 
capabilities mean many of these features have 
already been developed. 

Improvements to the test setup could also be 
targeted. These could include better attachment 
locations and methods for the WIMUs to reduce 
vibration and motion artefacts; as well as adding in-
the-field calibration stages to further improve WIMU 
sensor accuracy. 

Perhaps the most important aspect would be to 
perform more tests using additional equipment-
setups and athletes. These are necessary to confirm 
that the method is fit for use across a wide range of 
scenarios such as: different pushing attachments; 
subject experience level; gender; and technique, as 
these may provide very different motion patterns. 
Furthermore, the use of additional data sources and 
measurements for validation of WIMU data would be 
useful, such as: extra WIMUs on the subject’s legs; 
and synchronized high-speed video.  

It is hoped that this will allow development of a 
self-contained, low-cost, single-device system that 
can be used to monitor performance of athletes in 
various sledding sports from the gym to the track 
resulting in improved selection, coaching & training. 
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Abstract: The state of e.g. waste and process water depending on the particular application can be characterized 
by quantitative analysis of its composition (e.g. heavy metal ions, nitrate or phosphate) but often, at least in a 
complementary manner, by determinating of non-specific parameters like electrolytic conductivity or redox 
potential. The latter is usually measured potentiometrically using indicator electrodes of precious metals. 
However, their application is connected with measurement errors caused by interactions between the media and 
the noble metal surfaces. Specifically this problem occurs in real media that can be found in process chemistry 
and in waste water sector, for example. Using electron conducting glass instead of noble metal membranes in 
potentiometric redox electrodes solves this problem. We present possibilities for their fabrication and results 
from their characterization and use. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Redox potential, Sensor, Glass membrane, Thick film, Thin film, Potentiometry. 
 
 

 
1. Introduction 

 

The redox potential, also denoted as oxidation 
reduction potential (ORP), is a measure for the 
ability of an aqueous system to take up electrons 
from a chemical reaction or to give up electrons. The 
ORP of a system can be changed by the addition of 
substances unless they are oxidative or reductive. 
Determination of redox potential is very important in 
nature and technology as it characterizes the present 
state of a system. Additionally, ORP can be used as 
controlled process variable for the performance of 
technical reactions. 

As control variable it is essential, e.g., for the 
water treatment as in many cases it is comparable to 
the pH value. Temperature, ionic strength and 
pH value are all important contributing factors. 

Studies have shown that the lifetimes of bacteria and 
other microorganisms are also strongly dependent on 
the ORP of the media. 

Currently, noble metal based electrodes (mostly 
in compact embodiment according to standards) [1-2] 
are predominantly used for the determination of 
redox potentials, while occasionally, electrodes based 
on film technology or electroplating [2] are used. 
Independent of the shape of the noble metal indicator 
electrode, potentiometry is used for the redox 
potential determination. The material of the 
measuring electrode is critical for the results. 
Typically, gold, platinum or palladium are used in 
their construction. 

Gold electrodes react to chlorides and cyanides 
present, while platinum electrodes do not. Instead, in 
reducing solutions together with palladium they form 
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hydrides. These impacts the electrode properties, 
particularly the absolute position of the potentials 
measured in analyte solutions with the redox 
electrodes, as well as the adjustment behaviour of the 
potentials in case of composition changes in the 
measured media. In addition to the poor 
reproducibility of noble metals electrodes, successive 
measurements are subject to an additional 
measurement uncertainly of ±25 mV. 

The electrodes become unusable when catalytic 
poisons such as SO2 or other sulfur compounds reach 
their surface. Proteins also cause an inactivation of 
noble metal surfaces and the presence of gaseous 
oxygen or hydrogen in the test medium influences 
the half cell potential. Precious metals can act as an 
undesired catalyst, e.g., they promote the 
decomposition of hydrogen peroxide. Precious 
metals are expensive meaning and a substitute is 
highly desirable. Investigations of cheaper carbon 
electrodes (e.g., graphite electrodes) have shown that 
a high reproducibility of the electrode potentials is 
very difficult to achieve; therefore, they are not an 
adequate alternative. 

The problems of precious metal electrodes can be 
circumvented by using glasses with high electron or 
semiconductivity, respectively. Such materials 
according to Fig. 1 belonging to the group of oxidic 
glasses were first investigated at the end of  
the 1970s [3]. 

 
 

oxidic glasses

siliceous glasses: 
quartz glass
sodium lime glass (pH, pNa, pK)
semiconducting glass (redox potential)

mixtures of several basic glasses: 
borosilicate glass

non-siliceous glasses: 
borate glass
phosphate glass

non-oxidic glasses

saline glasses:
nitrate glass
fluoride glass

chalcogenide glasses
(mono and polyvalent ions)

metallic glasses

Polymer glasses:
PS
PMMA  

 
Fig. 1. Glass forming systems. 

 
 

The electrodes operate based on the presence of 
iron and titanium oxides in the glass, whereby in the 
case of Ti the metal coexists in the oxidation states 
+3 and +4 in a predefined proportion. Currently, 
redox glass electrodes are based on platinum wires 
covered with redox glass [3] or prepared analogously 
to conventional pH glass electrodes [4]. However, it 
is rarely possible to handle the special glasses which 
readily crystallize by the glass blower. The thermal 
coefficients of expansion are incompatible, in 
general, with those of usual electrode shaft glasses, 
inevitably leading to high wastage rates. For some 
niche uses it is reported about results of their 
application [5]. Recently published works deal with 
the use of thick film [6] and thin film technology [7] 
as new manufacturing technologies for redox glass 
based indicator electrodes. 

Previous solutions for the measurement of redox 
potentials in this and other process waters in 
circulation or in swimming pool and for example in 
drinking water were based on the use of noble metal 
indicator electrodes, solely.  

The above mentioned drawbacks were accepted. 
Alternatively, a bioactivity sensor (BAS) [8-9] was 
developed, based on the principle of a biofuel cell. 
The electron transfer from the biological component 
to the anode of the sensor was used for analytical 
applications. An application in the practice is not 
given currently. 

In this paper a new glass based thick film system 
for the determination of the redox potential is 
introduced. The paper is organized as follows. The 
motivation for the development of a new redox 
sensor system and its use, among other things, in 
paper industry processes is outlined in Section II. 
Section III describes manufacturing of the planar 
redox glass electrodes in thick film technology 
including experiments for their characterization. 
Results of measurements with these sensor devices as 
a part of process water analyzers containing also 
other sensors are demonstrated in Section IV. 
Additionally, we introduce a procedure to extend the 
lifetime of the measurement system. The conclusions 
and acknowledgement close this article. 

 
 

2. Problem 
 
In the production of paper, water is required for 

auxiliary and cleaning purposes and it is often used 
several times. Beside the raw materials, the 
production details are critical to the quantity and 
composition of the sewage. In general, ecological 
and economic considerations lead the paper industry 
to reduce the sewage it produces. In reducing the 
volume of waste water the proportion of soluble 
substances increases, creating an undesirable 
nutrient-rich habitat for micro-organisms. This leads 
to an increase of slime and biofilm growth in the 
system. The problem is treated effectively by an 
optimized application of biocide active substances. In 
any case, an efficient sewage treatment with 
biological stage of degradation is necessary. Further 
reduction of sewage volume necessitates an 
enlargement of the biological sewage treatment 
arrangement with biofilters. For the controlled 
addition of peroxide based biocides to suppress the 
slime growth in the process water, redox potential 
determination can make an essential contribution, 
whereby the complicated composition of the medium 
does not require the use of precious metal electrodes. 

For the assessment of the determined redox 
potentials it has to be taken in account that beside the 
concentration of the biocides the position-dependent 
amount of oxygen and/or the pH values have a 
significant influence on the sensor signal. These 
parameters should additionally be determined and 
considered for the evaluation of the redox potentials. 
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3. Solution 
 

First a glass mixture consisting of SiO2, Na2O, 
CaO, Li2O, Fe2O3 and Fe3O4 was prepared according 
to [10], homogenized, melted in a high temperature 
chamber furnace at 1400 oC and processed into rods. 
Fig. 2 gives an impression of the fabrication process. 

 
 

 
 

Fig. 2. Fabrication process of redox glass rods. 
 
 

Fig. 3 shows the result of the dilatometric 
characterization of this material, which is clearly 
amorphous like also prepared redox glasses 
containing titanium instead of iron (see Fig. 4), 
whereby a linear thermal expansion coefficient  
of α = 8.9 × 10-6 K-1 was determined. This 
circumstance opens the possibility to use aluminium 
oxide ceramics (α = 8.5 × 10-6 K-1) as substrate 
material in the later production process of the thick 
film redox electrodes.  
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Fig. 3. Determination of the linear thermal coefficient  
of expansion (α) using Dilatometer DIL 402C/4/G 

(Netzsch). 
 
 

The glass rods were milled in a planetary ball mill. 
Afterwards, the resulting powder was sieved through 
a mesh, weighed, blended with the identical amount 
of a terpineol containing binder and mixed again in 
the planetary ball mill. 

glass Ti/5

glass Ti/4

glass Ti/3

glass Ti/2

glass Ti/1

 
 

Fig. 4. XRD diffractograms of 5 titanium containing redox 
glass using X-Ray diffractometer D8 advance (BRUKER). 

 
 

To fabricate planar thick-film sensors, a circular 
electrode structure of platinum with a thickness of 
8 μm was screenprinted on an alumina substrate, 
dried and fired. For the redox-sensor fabrication by 
thick-film technology the sensitive pastes and 
covered substrates were heated to decrease the paste-
viscosity and to simplify the application of the pastes 
onto the substrates. Then, the glass paste was 
carefully applied to the substrate. After drying at 
150 oC in an oven with recirculating air the sintering 
process was executed. The resulting redox glass 
membrane had a thickness of 40 … 100 μm. 

It was necessary to optimize the sintering 
temperatures. These specific values were heavily 
dependent on the glass compositions as to be  
seen in Fig. 5. 

 
 

 
 

Fig. 5. Photographs of screen printed redox glass pastes 
after firing at various temperatures. 

 
 

For the application of the electrodes in process 
water, the glass coated substrates were assembled in 
a high-grade steel case and equipped with a 
protective hood. 

As reference electrode for the measurements a 
solid state electrode consisting of an epoxy-
membrane filled with KCl according to [11] 
containing a chlorinated silver wire was used.  

A special feature of this half cell is the fact that 
the resin material is generated by reaction of 
bisphenol A with epichlorohydrin. KCl and resin-
curing agent mixture are in a mass ratio of 55:45. 
The distance from the wire end to the edge of the 
cylindrical filled resin body is 4 mm. 

Fig. 6 shows both electrodes separately 
assembled.  
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Fig. 6. Glass based redox potential probe (right)  
and polymer based reference electrode (left) for the 

industrial application. 
 
 

They were placed in measurins, where additional 
electrochemical sensors (T, pH, pO2) also were 
installed. Data collection is possible at different 
places within the water cycle and as can be seen in 
Fig. 7, it can also be measured beyond this 
circulation system after sample collection by means 
of pumps. 

 
 

 

 
 

Fig. 7. Measuring system for the monitoring of process 
water, consisting of control box (a),  

Measuring lance (b) and measuring barrel (c) [12]. 
 
 

The cleaning of contaminated sensors occurs in 
the measuring tube under the following conditions: 
The measuring tube represents a current-optimized 

flow measuring cell with minimized volume and ¾“ 
hose connection delivering a high-enough current. 
This minimizes the slime and biofilm growth in the 
sensors and inner surfaces of the measuring cell. 
Without measuring tube, the measuring lance can be 
used as a multi-parameter insertion probe in large 
containers. The compressed air is provided by an 
autonomous small compressor. A compressed air 
nozzle was placed for every sensor to clean the 
sensitive surfaces. The number and the duration of 
the cleaning impulses can be adapted for every 
sensor of the respective load of the measuring 
solution. The cleaning cycles should be chosen so 
that biofilm formation is avoided. The inflow can be 
interrupted by an added electromagnetic valve to 
detect the biological load of the process water by the 
oxygen reduction per unit time and the change of the 
redox potential. The efficiency of the cleaning 
procedure is demonstrated in Fig. 8. 

 
 

 
Fig. 8. Multi sensor system to control process water  

of the paper industry left contaminated; right after cleaning 
with compressed air. 

 
 

The results obtained by means of the continuous 
use of multisensors during the paper manufacturing 
process at different places of the water cycle system 
enable the plant operators to judge the state of the 
system and its biological contamination (slime 
growth). The focus lies on the measurement of redox 
potentials by means of glass-based electrode. 
 
 
4. Results 

 
We present results of the multisensor-equipped 

measuring lances in model waters and in process 
water of the paper industry with particular focus on 
the innovative new redox glass electrodes. As a paper 
mill typical model medium, a solution  
of CaCl2 × 6 H2O, Na2SO4 × 10 H2O, starch and 
NaCl was prepared. The influence different biocides 
have on the electrochemical measurements if no 
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micro-organisms exist in the solution been examined. 
The biocide Wofasteril E 400 was used and Fig. 9 
shows it has a clear effect. For the investigations, 
different electrode types were used. In addition to the 
glass-based redox electrodes, conventionally made 
pH glass electrodes and a platinum sheet for 
referencing redox measurements were taken. The pH 
electrode exhibits a decrease of the pH value with the 
addition of the peracetic acid based biocides, as is 
expected. The redox glass electrode records the 
change of the redox potential as a result of the 
biocide addition. The fact that the potential change 
with the platinum sheet also acting as a redox 
electrode does not precipitate so high, can be traced 
back on its known pH dependence. Fig. 10 shows the 
results of own investigations into the pH dependence 
of the measurements. 

 
 

 
 

Fig. 9. Changes of potential and pH value when biocide is 
added to a paper mill typical model solution. 
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Fig. 10. pH dependence of ORP for different  
redox electrodes. 

 
 

The oxygen concentration as well as the 
temperature are nearly constant in this figure. The 
redox potential curves partially deviate by more than 
~100 mV from each other due to the cross sensitivity 
of the platinum electrode to components in the 
process water.  

 
 

Fig. 11. Course of redox potential, oxygen content  
and temperature in the process water of a paper mill 

(automatic cleaning cycle: 12 h). 
 
 
By means of the redox potential, determined with 

the redox glass electrode, contamination caused by 
the microbial load of the process water can be 
determined. At the beginning of the measurement the 
redox potential appears to a roughly steady level of 
about 150 mV. Over longer timespans, the influence 
of the automatic cleaning by means of compressed 
air becomes more pronounced. The cause is the 
biofilm that forms on the electrodes as a result of the 
microbial contamination, which lowers the redox 
potential. The cleaning removes this and the original 
potential can be reached again. The platinum 
electrode is influenced immediately by the cleaning 
with compressed air, because this reacts to the aerial 
oxygen. This precious metal-based electrode is 
therefore completely unsuitable for measurements in 
process waters of paper mills. 
 
 
5. Conclusions 

 
Target of the development was the realization of 

redox glass electrodes to overcome some problems of 
noble metal electrodes like inhibition and catalytic 
side reactions. Results of the application of thick film 
redox glasses based on Ti- and Fe-oxides are 
presented in this paper. They are suitable for the 
requirement of process water in paper industry. As a 
part of multisensor devices the planar electrodes have 
successfully been used for the controlling of biocide 
input in industrial paper processing. This sensor 
system enables the save prevention of unwanted 
slime and biofilm growth in paper production 
processes without biocide overdosage. 
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Abstract: We propose a system for generating and controlling an ultrasonic acoustic field using multiple 
acoustic waveguides and piezoelectric transducers. This system can be used as a high-power ultrasonic source 
for nonlinear calibration of hydrophones. In the system, ultrasonic waves are emitted from multiple transducers 
with controlled transmission delays, and the acoustic power is increased through acoustic waveguides before 
being output, this allows synthesis and control of ultrasonic acoustic fields. We simulated the proposed system 
as a two-dimensional acoustic field in which the computed output acoustic pressure determines the basic shape 
of the acoustic waveguide. The proposed system of five transmitting transducers and five acoustic waveguides 
was compared with a single transmitting transducer, and the results showed a peak acoustic pressure of 1.5-fold 
increase value at the same beam width. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Acoustic waveguide, Piezoelectric transducer, Ultrasonic acoustic field, Nonlinear calibration,  
2D acoustic field simulation. 
 
 
 
1. Introduction 

 

In recent years in medicine, high-intensity 
focused ultrasonic fields have been used in many 
ways: for cancer treatment, including acoustic 
chemotherapy (sonodynamic therapy), for 
sonoporation to facilitate gene transfer, in ultrasonic 
elastography to image the hardness of soft tissues and 
organs by measuring acoustic radiation pressure, and 
in harmonic imaging methods that utilize harmonics 
for diagnosis. In industry, too, the use of high-
intensity ultrasonic fields is increasing in applications 
such as ultrasonic cleaners and ultrasonic dispersers. 
In response to this growing use, the Consultative 

Committee for Acoustics, Ultrasonic, and Vibrations, 
was established in 1998 as part of the International 
Bureau of Weights and Measures. In addition to this, 
between 1999 and 2002 a pilot program of the 
Germany Engineering Physics Institute studied 
ultrasonic power, and hydrophone reception 
sensitivity was studied between 1999 and 2003 under 
a pilot program of the UK National Physical 
Laboratory [1]. Japan joined this effort in 2002,  
when the National Metrology Institute of Japan 
began development of measurement standards  
for ultrasonic. 

Measurement standards for ultrasonic power of 
up to 15 W have been established using the acoustic 

http://www.sensorsportal.com/HTML/DIGEST/P_2584.htm
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balance method and standards for powers up to 
100 W that use calorimetry are under development. 
Measurement standards for hydrophone reception 
sensitivity in the range 0.5–20 MHz are complete, 
and standards are under development for sensitivities 
outside of this range [1]. For ultrasonic power in 
particular, a source that can generate ultrasonic 
waves in the megahertz band at 100 W or more is 
needed. As ultrasonic of increasingly higher intensity 
is demanded in medicine, the desired acoustic fields 
exceed the region of linear increase, becoming 
nonlinear. For this reason, it is expected that 
nonlinear calibration and evaluation will be needed 
more often. Therefore, it is necessary to develop a 
durable hydrophone that can accommodate the 
spatial distribution of a powerful ultrasonic field [2], 
at the same time, it is necessary to develop a method 
to transmit high-intensity ultrasonic power. 

Many previous studies have examined properties 
of acoustic waveguides: dispersion [3] and acoustic 
pressure profiles [4] in cylindrical waveguides, sharp 
bending of surface sound waves through photonic 
crystal waveguides [5-6], representations of acoustic 
waveguides with distributed transmission lines by 
scattering matrices [7], and ways to increase the 
acoustic pressure in a solid waveguide [8]. 
Additionally, one study details a patent for an 
ultrasonic source that can transmit ultrasonic waves 
along a fiber or rod [9]. Also recently, applications 
using acoustic waveguide are as follows: ultrasonic 
cleaning machine using the ultrasonic waveguide 
tube for reduce damage of the LSI pattern [10], 
structural health monitoring and nondestructive 
evaluation of inaccessible adhesively bonded joints 
using ultrasonic guided waves propagation across 
waveguide [11], the coiled stator ultrasound motor 
(CS-USM) using a closed-loop-type acoustic 
waveguide made from SUS304 [12], and 
microscopic images of tissue using a thin acoustic 
waveguide made from a fused quartz fiber [13]. 

Here, we propose a system for controlling an 
ultrasonic acoustic field by using multiple acoustic 
waveguides and piezoelectric transducers. We 
investigate the suitability of the system for use as a 
high power ultrasonic source by numerical 
simulation of a two-dimensional acoustic field. 

The paper is structured in 5 sections. In Section 2, 
we describe an overview of our proposed system. In 
Section 3, we describe the basic conditions of 2D 
acoustic field simulation. In Section 4, we describe 
the two-dimensional model, and the simulated spatial 
distribution, peak acoustic pressure for our proposed 
system using multiple acoustic waveguides. 
Section 5 presents the conclusions and future works. 

 
 

2. Overview of the System 
 
To generate high-intensity ultrasonic waves with 

a single transducer, it is typical to increase the power 
of the ultrasonic wave by applying a higher voltage 
to the electrodes of the piezoelectric element, but this 

increases the risk of deterioration or destruction of 
the piezoelectric element by increased temperature, 
such as that due to high voltage. Also, although 
focusing the beam of the transducer may yield the 
desired ultrasonic power at the focus, quantitative 
evaluation becomes difficult because the produced 
wave is no longer a plane wave. Fig. 1 shows the 
model of the system proposed for generating high-
power ultrasonic by using acoustic waveguides. 

 
 

 
 

Fig. 1. Ultrasonic source system using multiple acoustic 
waveguides and piezoelectric transducers [15]. 

 
 

After ultrasonic waves are generated by some of 
the transducers and the acoustic pressure of each 
ultrasonic wave is increased by the acoustic 
waveguides, the outputs of the ultrasonic point 
sources on the transmitting aperture surface are 
formed into a beam by Huygens’ principle. In this 
way, a high-power sound source can be constructed 
without increasing the output from any single 
transducer. However, because the beam is formed 
from the point sources, it is important to control the 
amplitude, frequency, and phase of the ultrasonic 
waves that are generated by each of the transducers. 
 
 
3. Two-Dimensional Acoustic Field 

Simulation 
 

The Wave2000 (Cyberlogic, Inc.) package was 
used for simulation. Wave2000 is a two-dimensional 
simulator that uses the finite difference method [14], 
a two-dimensional displacement distribution is 
produced in which the relative brightness represents 
the magnitude of the positive and negative 
displacements. Because of this, the data about 
displacement are all magnitudes. As the basic 
conditions of the simulation, a transmitting ultrasonic 
wave is assumed at a continuous longitudinal wave 
with frequency of 1 MHz and amplitude of 1 [a.u.]. 
The acoustic medium is water (temperature: 25 °C, 
speed of sound: 1497 m/s, acoustic characteristic 
impedance: 1.497 MRayl), and the wavelength of 
ultrasonic wave to be transmitted is 1.5 mm. 
Acoustic waveguides are constructed from a 
boundary of air (temperature: 20 °C, speed of sound: 
344.0 m/s, acoustic characteristic impedance: 
0.427 kRayl) that is 0.2 mm thick. To investigate the 
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acoustic pressure distribution of the acoustic field, a 
0.3-mm wide receiving transducer was aligned along 
the central axis direction or the lateral direction, and 
the peak–peak amplitude of the acoustic pressure 
waveform was plotted as a relative acoustic pressure. 

 
 

3.1. Acoustic Pressure Characteristics Due  
to Length of the Acoustic Waveguide 

 
In this system, it is necessary to have transmitting 

aperture width of 1.5 ~ 3.0 mm for beam forming. 
After this, following the model of Fig. 2, we 
simulated the acoustic pressure at x mm away point 
on the center axis from the transmitting aperture 
plane for both transmitter and waveguide widths  
of d = 1.5, 2.0, 2.4 and 3.0 mm and waveguide length 
L mm of the acoustic waveguide. 

 
 

 
 

Fig. 2. Model for length of acoustic waveguide [15]. 
 
 

The results at 30 mm away point are shown in 
Fig. 3. At a transmitter width of 1.5 mm, the acoustic 
pressure becomes a constant that is independent of 
the length. At larger widths, it was found that the 
acoustic pressure is changed by the length. 
 
 

 
 

Fig. 3. Acoustic pressure characteristic due to length  
of acoustic waveguide (x = 30 mm) [15]. 

 
 
3.2. Acoustic Pressure Characteristics Due  

to Bending of Acoustic Waveguide 
 
To construct a system of transmitting transducers, 

it is necessary to bend the acoustic waveguide. As 

shown in Fig. 4, two acoustic waveguides, each 
6 mm in length, and the transmitting transducers 
moved from the center axis by offsets y0 = 0.0, 0.5, 
1.0, 1.5, 2.0 and 2.5 mm, simulated the acoustic 
pressure at x mm away point from the transmitting 
aperture plane for both transmitter and waveguide 
widths of d = 1.5, 2.0 and 2.4 mm.  

 
 

 
 

Fig. 4. Model for bending of acoustic waveguide [15]. 
 
 

The results at 30 mm away point are shown in 
Fig. 5. When the acoustic waveguide is focused on a 
1.5 mm wavelength, it is seen that bending of the 
acoustic waveguide is possible. 

 
 

 
 

Fig. 5. Acoustic pressure characteristics due to bending of 
acoustic waveguide (x = 30 mm) [15]. 

 
 

3.3. Acoustic Pressure Characteristics Due  
to Expanding Inner Width  
of Acoustic Waveguide 

 
Next, it is necessary to expand inner width  

of 1.5 ~ 3.0 mm for synthesizing transmitting 
aperture of each acoustic waveguide. Following the 
model of Fig. 6, we simulated the acoustic pressure 
at x mm away point on the center axis from the 
transmitting aperture plane for expanded inner widths 
of d = 1.5, 2.0, 2.4 and 3.0 mm. 
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Fig. 6. Model for expanding inner width  
of acoustic waveguide. 

 
 

The results at 1 ~ 40 mm away point are shown in 
Fig. 7. When the expanded inner width is less than 
2.4 mm, it is found that the acoustic pressure levels 
are constant approximately. 

 
 

 
 

Fig. 7. Acoustic pressure characteristics due to expanding 
inner width of acoustic waveguide. 

 
 

3.4. Acoustic Pressure Characteristics Due  
to Expansion Length of Acoustic 
Waveguide 

 
We would like to confirm influences of expansion 

length of acoustic waveguide inner width. Following 
the model of Fig. 8, we simulated the acoustic 
pressure at the x mm away point on the center axis 
from the transmitting aperture plane for expansion 
length L = 1.5 ~ 12.0 mm. 

 
 

 
 

Fig. 8. Model for expansion length of acoustic waveguide. 

The results at 1 ~ 40 mm away point are shown in 
Fig. 9. When the away is more than 15 mm, it is 
found that the acoustic pressure levels are constant 
approximately independent in the expansion length. 

 
 

 
 

Fig. 9. Acoustic pressure characteristics due to expansion 
length of acoustic waveguide. 

 
 

3.5. Acoustic Pressure Characteristics Due  
to Focusing with Acoustic Waveguide 

 
Waves are focused by an acoustic waveguide, as 

shown in Fig. 10, where the acoustic waveguide runs 
straight from the transmitting transducer (12 mm in 
width). The end of waveguide is connected to an 
acoustic waveguide 1.5 mm in width and 6 mm in 
length. For lengths L of the focusing acoustic 
waveguide in the range 30 – 51 mm, the acoustic 
pressures at points along the center axis from the 
transmitting aperture plane of the acoustic waveguide 
are calculated. 

 
 

 
 

Fig. 10. Model for focusing with acoustic waveguide [15]. 
 
 

The results are shown in Fig. 11. The acoustic 
pressure level is increased at 33 mm and at 42 mm. 

 
 

3.6. Acoustic Pressure Characteristics Due  
to Expanding Input Aperture  
of Acoustic Waveguide 

 
Next, we would like to confirm influences  

of expanding input aperture width of  
acoustic waveguide. 
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Fig. 11. Acoustic pressure characteristics due to focusing 
with acoustic waveguide [15]. 

 
 
Following the model of Fig. 12, we simulated the 

acoustic pressure at x mm away point on the center 
axis from the transmitting aperture plane for input 
aperture width d = 12 ~ 16 mm. 

 
 

 
 

Fig. 12. Model for expanding input aperture width  
of acoustic waveguide. 

 
 

The results at 1 ~ 40 mm away point are shown in 
Fig. 13. When the input aperture widths are 12, 14 
and 16 mm, it is seen that the acoustic pressure levels 
are higher. 

 
 

 
 

Fig. 13. Acoustic pressure characteristics due to expanding 
input aperture width of acoustic waveguide. 

3.7. Acoustic Pressure Characteristics Due  
to Transmitting Aperture Width  
of Acoustic Waveguide 

 
At the same time, we would like to confirm 

influences of transmitting aperture width of acoustic 
waveguide. Following the model of Fig. 14, we 
simulated the acoustic pressure for transmitting 
aperture width d = 1.5 ~ 3.0 mm. 

 
 

 
 

Fig. 14. Model for transmitting aperture width  
of acoustic waveguide. 

 
 

The results at 1 ~ 40 mm away point are shown in 
Fig. 15. As the transmitting aperture width  
is wider, it is seen that the acoustic pressure level is 
higher proportionally. 

 
 

 
 

Fig. 15. Acoustic pressure characteristics due  
to transmitting aperture width of acoustic waveguide. 
 
 

4. Ultrasonic Acoustic Fields Using 
Multiple Acoustic Waveguides 
 
Fig. 16 shows a two-dimensional simulation 

model of the proposed system by multiple acoustic 
waveguides and piezoelectric transducers. This 
system is composed of five transmitting transducers 
and five acoustic waveguides. The apertures of the 
acoustic waveguides vary from 12 mm to 1.5 mm 
along 42 mm of length to provide focus. For 
comparison, a single transducer must be 12 mm in 
width with a 2.4-mm aperture to obtain the 
equivalent of a 12-mm aperture arranged among the 
five acoustic waveguides. Because the inner and 
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outer path lengths of each acoustic waveguide are 
different, the beam is formed by delaying 
transmission from the transducers by 0.83, 0.27, 
0.00, 0.23 and 0.90 μs, this delay happens in order 
from the top of the system. Distances to the 
transmitting aperture through each acoustic 
waveguide from each transducer are different. 
Therefore, for arrival of ultrasonic waves transmitted 
from each transducer at the transmitting aperture of 
the waveguide simultaneously, each transmission 
delay time was adjusted. 

 
 

 
 

Fig. 16. Two-dimensional simulation model  
of the proposed system [15]. 

 
 

Fig. 17 shows the two-dimensional distribution of 
displacement by a single transducer. Fig. 18 shows 
the same structure with the proposed system. These 
data show that the distribution of displacement by the 
single transducer system and the proposed system are 
similar to each other at 60 mm away.  

 
 

 
 

Fig. 17. Spatial distribution of displacement with a single 
transducer (absolute value) [15]. 

 
 

 
 

Fig. 18. Spatial distribution of displacement  
with the proposed system (absolute value) [15]. 

To quantitatively evaluate the results with the aim 
of determining the center pressure distributions, data 
from the proposed system at beyond 60 mm are 
overlaid with data from the single transducer system. 
The results are shown in Fig. 19. 

 
 

 
 

Fig. 19. Comparison of the center acoustic pressure [15]. 
 
 

Next, we simulated the acoustic pressure 
distribution in the lateral direction. Fig. 20 shows the 
results of comparison between the proposed system 
and a single transducer at distance 60 mm from the 
transmitting aperture. Fig. 20 (a) can compare the 
peak acoustic pressure levels each other. Fig. 20 (b) 
can be comparison of beam width of normalized 
acoustic pressure.  

 
 

 
 

(a) Comparison of peak acoustic pressure. 
 
 

 
 

(b) Comparison of beam width of normalized  
acoustic pressure. 

 
Fig. 20. Lateral acoustic pressure distribution at 60 mm  

on the central axis [15]. 
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Fig. 21 shows the results of comparison  
of the same, at distance 80 mm from the  
transmitting aperture. 

 
 

 
 

(a) Comparison of peak acoustic pressure. 
 

 
 

(b) Comparison of beam width of normalized acoustic 
pressure. 

 
Fig. 21. Lateral acoustic pressure distribution at 80 mm  

on the central axis [15]. 
 
 

The results at 60 and 80 mm from the 
transmitting surface are analyzed for a –6 dB beam 
width, and the rate of increase in peak–peak acoustic 
pressure is calculated. The results are shown in 
Table 1.  

 
 

Table 1. Evaluation of acoustic pressure distribution in the 
lateral direction [15]. 

 

 
 
 

A 1.5-fold (resp., 1.4-fold) increase of peak 
acoustic pressure is seen at 60 mm (resp., 80 mm), 
and the –6 dB beam width is almost equal between 
systems. But it was found from the graph of the 
normalized acoustic pressure level in Fig. 20 and 21, 

that the increase factors of peak side lobe pressure 
are about 1.3 to 1.4. 

In our proposed system, when changing the 
number of adjacent active transmitting transducer, we 
simulated the maximum acoustic pressure at the 
receiving position 40 mm and 60 mm from 
transmitting aperture. Results are shown in Fig. 22. 

 
 

 
 

Fig. 22. The relationships between maximum acoustic 
pressure levels and number of transmitting transducers [15]. 

 
 

5. Conclusions 
 
We used a two-dimensional acoustic field 

simulation to find the basic characteristics of a high-
power ultrasonic system using acoustic waveguides. 
The proposed system uses five acoustic waveguides 
instead of a single transducer, and achieved a 1.4- to 
1.5-fold increase in acoustic pressure at the same 
beam width. 

In the future, we will consider the shape of the 
acoustic waveguides further and extend the model to 
a three-dimensional acoustic field simulation using 
finite element modeling. In addition, we hope to 
build the probe, acoustic waveguide, and pulse 
generator and test the system experimentally. 
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Abstract: A new method to measure sound velocity and distance simultaneously and locally resolved by an 
ultrasound annular array is developed in media with constant sound velocity and then applied in media with 
continuously changing properties. Instead of using reflectors at known positions the echoes of moving scattering 
particles are analyzed to determine the focus position. Although the method reaches a very high accuracy for 
constant sound velocity, there are systematic deviation between measurements and sound field simulations using 
Fermat’s principle. The sound propagation has to be described with a modified wave equation. A new approach 
determining GREEN’s functions for a half space with continuously changing properties is presented. It 
combines the high frequency approximation with an integral transform method. Copyright © 2015 IFSA 
Publishing, S. L. 
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1. Introduction 

 

A locally resolved monitoring of sound velocity 
allows estimating locally physical quantities like 
concentration or temperature or material properties 
like density or elasticity. This facilitates investigating 
and optimizing many industrial processes, like 
mixing or chemical reactions, as well as medical 
therapy like hyperthermia for cancer treatment.  

In this contribution, a measurement technique is 
applied, which allows measuring sound velocity 
locally resolved using an ultrasound annular array 
with concentric rings. In contrast to conventional 
tomographic techniques, it works without any reflec-
tors or additional receivers at known positions. 
Instead of evaluating various propagation paths, the 
focusing of the array is varied and the focus position 
and the sound velocity to the focus point are 

determined simultaneously by analyzing the echoes 
of moving scattering particles. This is possible 
because the focus position depends on the sound 
velocity and the parameters of the used transducer. 
Therefore, the time of flight to the focus is used with 
calibration curves for the simultaneous determination 
of sound velocity and focus position. The time of 
flight to the focus point is determined from the 
averaged amplitude of the echo signals: The emitted 
wave is reflected at each particle while the amplitude 
of the reflected signal is proportional to the 
amplitude of the incident wave (Fig. 1a). Therefore 
the echoes from particles within the focus area are 
strongest. Although a single echo nearly appears like 
noise averaging over a sufficient number of signals 
generates a clear maximum (see Fig. 1b). As particles 
are in movement it is possible to consider a uniform 
distribution of particles in average time. So the 
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averaged echo signal amplitude is a measure for the 
pressure along the acoustic axis of the transducer. 

 
 

 
 

 

 
 

Fig. 1. Normalized averaged echo signal amplitude for 
different numbers of averages in water of 30 °C. 

 
 

The basic set-up for the measurements is quiet 
simple. Only a focusing single probe and a device for 
pulsing and data acquisition are required. The probe 
can be located in the examined medium without any 
adjustment. The medium has to contain scattering 
particles much smaller than wavelength and in a low 
concentration, so that the properties of the 
propagation medium are not influenced. The method 
had been introduced by Lenz [1] for media with 
constant sound velocity using a focusing  
single probe. 

This contribution enhances the method to annular 
arrays, which allow moving the focus along the 
acoustic axis and so measuring in different depths. At 
first this is qualified for media with constant sound 
velocity and than employed for media with non-
constant sound velocity. A new method for 
modelling sound propagation in media with 
continuously changing material parameters is 
introduced for the evaluation. The modified wave 
equation caused by non-constant material parameters 
is solved for a point source with an integral transform 
method and a high frequency approximation [2].  

This paper is divided in five sections. Section 2 
explains how to measure sound velocity and focus 
position simultaneously. It motivates the modelling 
of sound propagation in media with non-constant 
material properties which is discussed in Section 3. 
Section 4 shows some measurement results for media 
with constant sound velocity and a linear temperature 
gradient in water. Section 5 gives a summary  
and perspectives. 

2. Method to Measure sound Velocity 
and Distance Simultaneously 

 
2.1. Sound Field Calculation by GREEN’S 

Functions 
 

GREEN’s functions are a beneficial tool for 
modelling sound propagation in homogeneous media, 
which describe the impulse response of a point 
source in a space with a specific geometry. Exact 
solutions had been found for half spaces, plates and 
layered media by means of integral transform [3], 
[4]. Also approximated harmonic GREEN’s 
functions are calculated giving the transfer function 
in the Fourier transformed domain [5]. GREEN’s 
functions for a half space are also used in  
this contribution  

 

jkReS
R

RG )(
1

),( θθω = , (1) 

 

with the wave number k, die distance R between 
source and observation point and the angle θ between 
the vector between source and observation point and 
the normal vector of the surface where the source is 
located. The directivity pattern S(θ) concerns the 
boundary conditions at the interface. An example for 
an interface of water and PZT (lead- zirconate-
titanate) is shown in Fig. 2. 

 
 

 
 

Fig. 2. Directivity pattern of a point source  
on a water-PZT-interface. 

 
 

2.2. Annular Arrays for Focusing 
 

Annular arrays need far less elements for a well 
focusing as the widely spread linear array. The array 
used in this contribution consists of 6 elements (see 
Fig. 3 for structure and dimensions) and reaches an 
extension of the sound beam in the range of  
the wavelength.  

Focusing works by a superposition of measured 
signals where each is delayed with a calculated time: 
The sound paths from each element to the designed 
focus point are determined (Fig. 4). With a known 
sound velocity of the propagation medium these 
paths allow to calculate the differences in time of 
flight, which are used as delay times for each element 
so that all waves arrive at the focus point at the  
same time. 
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Element ri [mm] ra [mm]

1 0 3.57 

2 5.05 6.18 

3 7.14 7.98 

4 8.74 9.44 

5 10.1 10.7 

6 11.28 11.83 

 
Fig. 3. Structure and dimensions of the curved annular 

array, centre frequency: fm = 9 MHz, Curvature:  
R = 50 mm; ri and ra are the inside  

and outside radii of the rings. 
 
 

As there is positive interference of course the 
pressure at this point becomes maximal. 

 
 

 
 

Fig. 4. Focusing sound paths to focus points for different 
sound velocities. 

 
 

Of course if e.g. the temperature in the medium 
changes this causes a change of sound velocity. The 
focus moves because the positive interference arises 
at another point (Fig. 4, red and blue lines). 

As calculated sound fields are in the Fourier 
transformed domain also the delay times have to be 
transformed into phase shifts. A superposition of the 
phase shifted sound fields generates the focus at the 
designed point. Fig. 5 shows the sound fields of the 
used array, driven with the same delay times for 
different sound velocities. They were chosen so that 
the focus would arise at a distance of 40 mm in a 
medium with a sound velocity of c = 1500 m/s. 

 
 

2.3. Simultaneous Determination of Sound 
Velocity and Focus Position 

 
It has been shown, that a change of sound 

velocity displaces the focus position resulting in a 
different time of flight to the focus. If the parameters 
of the transducer are known the time of flight can be 
calculated as a function of sound velocity. Fig. 6 
shows functions for several sets of delay times. The 
labels mean that the used delay times would cause a 
focus in a calibration medium with c = 1500 m/s at 
the corresponding depth.  

c = 1430 m/s c = 1560 m/s  

 
Fig. 5. Sound fields for different sound velocities. 

 
 

 
 

Fig. 6. Calibration curves. 
 
 

The measured time of flight to the focus  
point can be used to determine the sound velocity by 
these curves. Of course then the real focus  
position emerges. 

If the delay times are varied the focus is moved 
along the acoustic axis of the array. So the sound 
velocity can be measured at each point, which allows 
measuring the distribution of sound velocity.  
 
 

3. Sound Propagation in Media with 
Non-constant Properties 

 
As mentioned in the previous section the 

parameters of the transducer have to be known to 
calculate the sound field of the transducer. The focus 
position also has to be predicted for media with 
continuously changing properties where additional 
considerations are required. 

 
 

3.1. Simultaneous Determination of Sound 
Velocity and Focus Position 

 
The most obvious way to model the sound 

propagation in media with continuously changing 
properties is applying Fermat’s principle. It says that 
a wave propagates along that path which results in a 
minimal propagation time.  
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It can be used to derive Snell’s law but if sound 
velocity changes continuously the propagation path 
becomes curved and has to be determined by a 
calculus of variation [6]. The time of flight T to a 
point P(x,y) and the path length S to this point are: 
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for a linear sound velocity gradient (c(x) = c0+d x,) 
and a point source in the origin of coordinates. This 
had been used to derive fields of point sources for 
linear sound velocity gradients. The impulse 
response is assumed by 
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with the Dirac function δ. In the Fourier transformed 
domain this is 
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Fig. 7 shows the phase plots of two examples 

where sound velocity increases (left) and decreases 
(right) in positive direction x.  

 
 

 
 

Fig. 7. Phase plot for positive and negative sound  
velocity gradient. 

 
 

Although Fermat’s principle gives the correct 
time of flight of the wave there is no information 
about the amplitude of the wave. 
 
 
3.2. Derivation of the Modified Wave 

Equation 
 

The sound propagation in liquids is based on two 
fundamental equations, the equations of motion  
and elasticity: 

vp 
0ρ=∇− , v=pχ

 ∇ , (6) 

 
with pressure p, particle velocity v, and the material 
parameters mass density ρ0 and elasticity χ. If the 
material parameters are constant, differentiating these 
equations with respect to location and time leads to 
the well-known wave equation. If these parameters 
are functions of location an additional term appears 
in the gradient of (6). This additional term also 
appears in the wave equation: 
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Also the definition of potential Φ is modified: 
 

Φgrad=v
0

1

ρ
  (8) 

 
The following examination shall be done for a 

one-dimensional dependence of the material 
properties in direction z. 
 
 
3.3. One-dimensional Solution 
 

Considering a plane wave propagating in the 
direction of the gradient of the material properties the 
wave equation for the potential is obtained 
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If the mass density depends linearly on z this 

equation has a solution in the form of a generalized 
power series [7]: 
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However, there are already numerical problems in 

evaluating the coefficients and the solution with 
respect to the convergence for this one-dimensional 
case. So it seems not to be feasible finding an exact 
solution for a two- or three-dimensional problem. 
 
 
3.4. High Frequency Approximation and 

Integral Transform 
 

High frequency approximation had been 
developed in geophysics and is applied in techniques 
like ray tracing [8]. In this contribution, harmonic 
GREEN's functions shall be derived with this 
approach in combination with an integral transform 
method. This allows calculating a transfer function 
for a point source for a specific geometry. Just the 
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axially symmetric problem is solved because it is 
much easier manageable than the general problem. 
The wave equation in cylindrical coordinates (r, θ, z) 
is used: 
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The single derivative to r in the second term 

vanishes due to its scalar multiplication with the 
gradient of the mass density, having only a 
component in z direction. Applying a Hankel 
transform as described in [3] with respect to r 
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leads to a one-dimensional wave equation in the 
transformed domain, which is denoted by the  
index H0: 
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The high frequency approximation assumes that 

equation (8) can be solved by the following ansatz 
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Now, Φ is replaced with this ansatz and the terms 

are arranged according to its powers of ω. 
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Assuming large ω the first two lines are equated 

to zero independently and the frequency-independent 
third line is neglected. So T can be determined 
directly from the first line and with this solution A is 
determined from the second line 
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with the solely free parameter A0. Note that this leads 
to the solution for a homogeneous medium if ρ0 and χ 
are constants. All methods of generalized ray theory 
explained in [3] like the derivation of source 
functions for point source acting on an interface 
considering the boundary conditions can be applied 
to this solution. Finally, the inverse transformation 
has to be done:  
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Current work is on an evaluation of this integral 
with a steepest descent approximation as it is 
described in [9]. The approximation facilitates the 
integral into a solvable form. This causes a neglect of 
surface waves being not of interest for the presented 
application. However, the method is complicated 
because of the integral expression of T in the 
exponent. Though, the integral can be evaluated by a 
finite series expansion resulting in additional terms 
containing higher powers of ξ. 

 
 

4. Measurement Results 
 

4.1. Measurements for Constant  
Sound Velocity 

 

Primarily, sound velocity was measured in 
different media with constant temperature, as 
described in Section II, to compare measurements 
and simulations. It is striking that the measured curve 
for Θ = 6 °C fits very well to the simulated one, 
whereas the measured curve for Θ = 60 °C deviates 
(Fig. 8). Therefore, additional measurements with 
water-ethanol solutions were done. Different sound 
velocities can be adjusted with different 
concentrations of ethanol, without a change in 
temperature [10]. 

 
 

 
 

Fig. 8. Comparison of measured and calculated times  
of flight as a function of the used set of delay times  

for different media. 
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It can be recognized that the measured curve of a 
water-ethanol solution with a sound velocity of 
1565 m/s in Fig. 8 agrees to the simulated curve. This 
implicates that the working temperature of the probe 
has to be taken into account calculating the 
calibration curves. 

To analyze the accuracy measurements with 
different numbers of averages have been done. 
Table 1 shows that the relative error of sound 
velocity is less than 1 %. 

 
 

Table 1. Measurement capability. 
 

Number  
of averaged 

signals 

Standard 
deviation ± 3σ  

of time of flight 

Absolute error 
of sound velocity 

50 500 ns 13 m/s 
200 250 ns 6 m/s 
1000 150 ns 4 m/s 
5000 100 ns 2.5 m/s 

 
 

4.2. Measurements for a Sound  
Velocity Gradient  

 
An evident way to achieve a sound velocity 

gradient is to generate a temperature gradient with 
water, because the sound velocity as a function of 
temperature is well known for water [11] and it can 
be generated in a stable state. Fig. 9 shows the 
general set-up. Water in a basin located at the bottom 
is kept at a temperature of 6 °C. A second smaller 
basin is placed above. It contains a metal plate at its 
bottom for good thermal conduction and a heat 
source at its top. This generates a vertical layered 
arrangement of warm water above cooler water, 
whereby a fluid flow is avoided. The temperature is 
measured by an array of temperature sensors to 
determine the sound velocity profile in the 
experimental set-up.  

 
 

 
 

Fig. 9. Experimental set-up for a sound  
velocity gradient. 

 
 

The sound field for this gradient and the time of 
flight to the focus were calculated applying Fermat's 

Principle. Fig. 10 shows the comparison of calculated 
and measured times of flight to the focus as a 
function of the used set of delay times, corresponding 
with a focus (Fok) in the calibration medium water of 
20 °C (sound velocity gradient in water from 40 °C at 
the transducer to 6 °C at a distance of 50 mm). 

 
 

 
 

Fig. 10. Comparison of measured and calculated times  
of flight as a function of the used set of delay times  

for a temperature gradient. 
 
 
Although the notable difference is just  

in the range of one microsecond this would cause an 
error of more than 100 m/s in determining the  
sound velocity. 

For additional examinations, the sound velocity 
was measured conventionally via measuring the time 
of flight to a reflector at a known position. Moving 
the reflector along the acoustic axis allows a stepwise 
reconstruction of the sound velocity profile. 
Additionally the sound velocity was determined from 
temperature sensors again. Fig. 11 shows a 
comparison of the two conventional methods to 
determine the mean sound velocity between the 
probe and a reflector at distance z. First, the time of 
flight for various reflector distances is measured 
(blue line). Second, the temperatures are measured at 
various locations and converted to a sound velocity 
according to [11] and averaged over the propagation 
path (green line). The systematic deviation can be 
seen here, too.  
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Fig. 11. Comparison of two conventional methods  
to determine the mean sound velocity between the probe 

and a reflector at distance z. 
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Both deviations (see Fig. 10 and Fig. 11) result 
from the deficient assumption that wave propagation 
can be described with the wave equation for 
homogeneous media. 
 
 

5. Summary and Perspective 
 

This contribution discusses a non-invasive 
method to measure the sound velocity locally 
resolved along the acoustic axis of the used annular 
array. The three-dimensional distribution of sound 
velocity can be obtained by scanning. 

The method has been qualified for media with 
constant sound velocity and then extended to media 
with continuously changing properties. It has been 
shown that the continuous change of material 
properties has to be taken into account for the 
modelling of sound propagation. Fermat’s principle 
gives the correct time of flight, but to obtain 
information about the amplitude, the modified wave 
equation has to be solved. The potential of a point 
source has been calculated in the Hankel transformed 
domain. The inverse transform is actually realized 
and will allow calculating GREEN’s functions for 
media with continuously changing properties.  

Due to the assumed change of material properties 
in only one dimension a change of these properties in 
other dimensions would cause a lateral deviation of 
the focus position. This effect has to be examined in 
further works. 
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Abstract: Nowadays, piezoelectric lateral electric field excited resonators are frequently used for development 
of various acoustic sensors. But, the adequate theory of such resonators is absent. In this paper, the numerical 
method of calculation of characteristics of the acoustic oscillations in the piezoelectric lateral electric field 
excited resonators is developed. The developed method is based on the finite element analysis and allows 
computing the distribution of the components of the mechanical displacement in the piezoelectric plate and 
electric potential in the piezoelectric plate and surrounding vacuum at arbitrary frequency of the exciting field. 
This method allows setting various boundary conditions on various parts of a plate surface, including a 
condition of mechanical damping of oscillations. This allows calculating the frequency dependence of the real 
and imaginary parts of the electrical impedance/admittance of the resonator. We analyzed a piezoelectric lateral 
electric field excited resonator, which is based on a 0.5 mm-thick X-cut lithium niobate plate. Two 
infinitesimally thin metallic electrodes with width of 5 mm were deposited on top side of the plate. The 
electrodes were deposited in such a way that the lateral field was oriented along the crystallographic Y-axis. 
Calculations of electric impedance were carried out for various values of a gap in range 1 - 3 mm between 
electrodes. These results are in quantitative agreement with experimental data. A brief description of 
experimental set up is also presented. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Acoustic resonator, Lateral exciting field, Finite element analysis, Lithium niobate. 
 
 
 
1. Introduction 

 

At present time researchers pay particular attention 
to the piezoelectric lateral electric field excited 
resonators because of development of various 
acoustoelectrical sensors. One of the main problems of 
the design of such devices is the suppression of 
undesirable acoustic oscillations and ensuring a high 
Q-factor of the resonator. Currently, this problem is 
solved experimentally by selection the optimal shape 
of the electrodes [1-2] or choosing the area of 

coverage of the damping coating [3-4]. However, such 
methods require a creation of a large amount of 
experimental samples. Researchers can theoretically 
estimate the efficiency of such resonators using the 
Christoffel - Bechmann method, which allows 
computing the electromechanical coupling coefficient 
for bulk waves excited by a lateral electric field [3-4]. 
However, this method does not take into account the 
finite aperture of the excited waves. Therefore, the 
problem of more accurate theoretical calculation of 
characteristics and efficiency of such resonators is 
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considered as urgent. In our previous work we 
introduce the numerical model of these resonators [5]. 

In this paper, we present a more detailed 
description of method for calculating the acoustic 
oscillations and the accompanying electric field in 
resonator representing a thin plate of a piezoelectric 
material with two rectangular electrodes on one side. 
The developed method is based on the finite element 
analysis and allows us to find the distribution of 
components of the mechanical displacement in the 
piezoelectric plate and electric potential in the 
piezoelectric plate and its surrounding vacuum at a 
certain oscillation frequency of the exciting field. 
This method takes into account the different 
boundary conditions on different areas of the 
resonator surface, and in particular, the mechanical 
damping of the parasitic oscillations, which was used 
in [1-2]. 

In Section 2, we give the description of the 
numerical model of resonator. In Section 3, we 
describe the experimental set up. In Section 4, we 
make the comparison of theoretical and experimental 
frequency dependencies of real and imaginary parts 
of electrical impedance of lateral electric field 
excited resonator. Finally, Section 5 presents the 
conclusions and the future research. 

 
 

2. The Description of Numerical Model 
 
In this paper, we consider a piezoelectric plate 

limited in x and y directions (Fig. 1). There are 
different boundary conditions on different parts of 
plate surface. Value of time-varying electric potential 
is given on an infinitely thin electrodes e1 and e2. 
The gap between electrodes is equal G. Special 
mechanical boundary conditions are specified on 
areas d1 and d2. The rest of plate surface is assumed 
mechanically and electrically free. In the z direction, 
the plate and electrodes assumed to be unlimited. 

 
 

 

h e1 

y 

x

w

e2 

d1 d2 

 
 

Fig. 1. The geometry of the problem. 
 
 
So, we need to find a distribution of mechanical 

displacements within the plate, as well as the electric 
potential distribution inside the plate and in the 
surrounding vacuum.  

As known, these distributions must satisfy inside 
the plate the motion equations: 

 
2 2 2

2

i l
ijkl kij

j k j k

u u
c e

t x x x x

ϕρ ∂ ∂ ∂= +
∂ ∂ ∂ ∂ ∂

 (1) 

 

and the Laplace equation for piezomedium: 

2 2

0l
jkl jk

j k j k

u
e

x x x x

ϕε∂ ∂− =
∂ ∂ ∂ ∂

 (2) 

 
Outside the plate, the distribution of electric 

potential should obey the Laplace equation  
for vacuum: 
 

2
0 0ε ϕ− ∇ = , (3) 

 
where, ρ is the piezomedium density, cijkl, eijk, and εij 
are the tensors of elastic, piezoelectric and dielectric 
piezomedium constants, ε0 is the dielectric 
permittivity of vacuum, ui is the mechanical 
displacement component, φ is the electric potential, 
and indices i, j, k, l = 1..3, so x1 = x, x2 = y, x3 = z. 

Exciting electrical field is variable and is changed 
according harmonic law with frequency ω. Solution 
would be also harmonic because there are no other 
sources of excitation of oscillations and the problem 
is linear. Moreover the variable values are 
independent of coordinate z. This means that the 
following relations are valid: 

 

I t
t

ω∂ =
∂

, 
3

0
x

∂ =
∂

, 

 
where I is the imaginary unit, and mechanical 
displacement and electrical potential can be 
presented in the following form: 
 

( , , , ) ( , ) exp( )

( , , , ) ( , ) exp( )
i iu x y z t u x y I t

x y z t x y I t

ω
ϕ ϕ ω

= 
= 

 (4) 

 
and, consequently, Eqs. (1-3) would be written as: 
 

2 2
2 0l

ijkl kij i
j k j k

u
c e u

x x x x
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∂ ∂ ∂ ∂

, (5) 
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u
e
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∂ ∂ ∂ ∂

, (6) 

 
2 2
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0
x x

ϕ ϕε  ∂ ∂− + = ∂ ∂ 
, (6) 

 
where indices i, l = 1...3 and j, k = 1, 2. Thus, this 
problem is reduced to the following system of 
differential equations [6]: 
 

( , ) 0iL u fϕ − = , (8) 

 
where L is the differential operator and f is the 
unknown magnitude. So, the problem is to find 
(complex) values, i.e. magnitudes and phases of  
ui(x, y) and ϕ(x, y) that satisfy Eqs. (5-7) with a given 
ω. One would solve this problem using the method of 
finite elements by deducing equations for elements 
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with the help of Galerkin's method. As shown in [6], 
the utilization of Galerkin's method combined with 
the method of finite elements results in the following 
system of equations: 
 

( )( , ) 0iW L u f dβ ϕ − =
R

R , (9) 

 
where R is the two-dimensional area, where solution 
must be obtained, and Wβ is the system of basis 
(weight) functions. In order to account for the 
electric field distribution in space around the 
resonator, we surround the piezoceramic plate with 
some large-radius circular area and assume ϕ = 0 at 
the boundary of this area (Fig. 2).  
 
 

 
 

Fig. 2. General view of the R area divided  
into triangular elements. 

 
 

For each element E corresponding to a triangle 
with vertices (Xp, Yp)-(Xq, Yq)-(Xr, Yr), the function of 
element will be as follows 

 

[ ]EW a b x c yβ β β β= + +  (β = p, q, r) 

 
or 
 

[( ) ( ) ( ) ]/2

[( ) ( ) ( ) ]/2

[( ) ( ) ( ) ]/2

E
p q r r q q r r q

E
q r p p r r p p r

E
r p q q p p q q p

W X Y X Y Y Y x X X y A

W X Y X Y Y Y x X X y A

W X Y X Y Y Y x X X y A

= − + − + −
= − + − + − 
= − + − + − 
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where p, q, r denote nodes forming element E, and A 
is the area of element E. 

Substituting Eqs. (5-7) into Eq. (9) will  
yield the following system of equations which  
must be obeyed inside every element E from R inside 
the plate: 
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and in vacuum outside the plate: 
 

[ ] 0 22 0
T

E
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where T is the  transposition operation,  
 

p q r
i p i q i r iu W U W U W U= + + , 
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- are the interpolation polynomials for a two-
dimensional triangle element E. The application of 
Galerkin's method requires the highest order of 
derivatives in Eqs. (11-13) to be not greater than by a 
unity above the order of continuity of the 
interpolation ratios used. That is why Eqs. (11-13) 
should contain derivatives of the order not higher 
than the first one. The application of procedure of 
lowering the order of derivations by integration by 
parts [6] will provide equations containing only 
unknown quantities and their first derivatives in  
the plate: 
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and in vacuum: 
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where B and nj are the boundary of element and 
external normal to the boundary.  

In order to ensure the unique solution of the 
equations system (14-16) we need to use boundary 
conditions. As for electrical boundary conditions 
they are standard for such types of problems [6]. At 
the boundary between the piezoplate and vacuum, 
excluding regions e1 and e2, electrical boundary 
conditions consist in the continuity of electric 
potential and electric inductions components normal 
to the boundary: 

 
,p v p v

j j j jD n D nϕ ϕ= = , (17) 

 
where quantities with index p relate to the plate and 
those with v refer to vacuum. On the outside 
boundary Г of the region R the potential is equal 
zero and on two electrodes it is assigned  
as following: 

 

1 2
0, 1, 1

e e
ϕ ϕ ϕ

Γ
= = + = −  (18) 

 
Mechanical boundary conditions are more 

difficult to formulate. A portion of the plate surface 
above the electrodes and around them was coated 
with absorbing varnish in the course of experiments 
with lateral field [1-2]. This was achieved to suppress 
undesired modes of oscillations of the plate and to 
increase the resonator's Q-factor. To reflect this fact 
in the theoretical model of resonator the mechanical 
boundary conditions were formulated as follows. The 
boundary condition at the surface of the piezoplate 
excluding regions d1 and d2 lies in the absence of 
normal components of mechanical stress and namely: 

 
0ij jT n = (19) 

 
The boundary condition in regions d1 and d2 

where damping coating is applied is written  
as follows: 

 

ij j ij jT n i Z uω= , (20) 

 
where Tij, nj, Zij and uj are the tensor of mechanical 
stresses of the piezoplate, normal to the surface, 
acoustic impedance of the coating and mechanical 
shift, respectively. This condition was obtained as 
generalization of the known relation [7] in the 
following form: 
 

p Zv= , (21) 
 
where p and v are the acoustic pressure and 
oscillation rate, respectively, for boundaries between 
gas and liquid media and anisotropic solids. For 
Zij→0 this condition goes into the condition of free 
surface Tijnj=0 and for Zij→∞ this condition goes into 
the condition of rigidly fixed surface uj=0. In the case 
under study Zij=Zδij, where Z is the acoustic 
impedance of varnish. 

3. The Description of Experimental Setup 
 

In order to compare the theoretical results with 
experimental data, the lateral electric field excited 
resonator on X-cut lithium niobate plate was made 
[2]. The scheme of this resonator is presented in 
Fig. 3. The shear dimensions and thickness of plate 
were equal 18×18 mm and 0.5 mm, respectively. 
Two 200 nm – thick aluminum rectangular electrodes 
with dimensions of 5×10 mm were deposited on one 
side of the plate through a special mask in vacuum. 
The electrodes were deposited in such a way that the 
lateral field was oriented along the crystallographic 
Y-axis (Fig. 3). This field component excited a 
longitudinal acoustic wave re-reflected between the 
plate sides with the largest electromechanical 
coupling coefficient [1]. The gap G between 
electrodes was equal to 1 mm. The area around the 
electrodes and part of electrodes with width of 3 mm 
were coated with a damping layer of absorbing 
varnish with thickness of about 0.2 mm.  

The frequency dependences of the real and 
imaginary parts of electric impedance of resonator 
were measured using the LCR meter (4285A, Agilent 
Technologies Inc.). These dependences for pointed 
above resonator are presented in Figs. 5-7 by  
dashed lines. 

 
 

2

1 Y 
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3
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10 mm.

5 mm. 5 mm. 
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Fig. 3. The side (a) and top (b) views of the resonator 
with the lateral exciting electric field: X – cut lithium 
niobate plate - 1, electrodes - 2, and absorbing coating - 3. 

 
 

4. The Comparison of the Theoretical 
and Experimental Results 
 
In accordance with experiment, the calculation 

was performed for the case when the thickness h and 
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width w of the plate were equal to 0.5 mm and 
18 mm, respectively (Fig. 1). On the upper surface of 
the plate, two electrodes e1 and e2 were deposited. 
The lateral electric field was oriented along the 
crystallographic Y-axis. The width of each electrode 
e1 and e2 was equal to 5 mm with the gap G between 
them in range 1 - 3 mm in different experiments. The 
width of damping regions d1 and d2 was of 5 mm 
and the regions of overlap (d1 - e1) and (d2 - e2) 
were fixed to 3 mm. 

Since the above-described method of calculation 
allows us to find the distribution of all variables and 
their derivatives for any given frequency, it was 
possible to build electrical impedance depending on 
the frequency of this resonator and compare them 
with experiment. So, we calculated the distribution of 
the acoustic field and the electric potential in the 
range f = 6-7 MHz. It is clearly seen in Fig. 4 that the 
maximum amplitude of the acoustic vibrations are 
located in the gap between the electrodes. These 
oscillations correspond to the longitudinal bulk 
acoustic wave propagating in the vertical direction 
between the boundaries of the plate. This wave is the 
cause of deep resonance on frequency dependence of 
the electrical impedance [1-2] shown on Figs. 5-7. 

 
 

 
 

Fig. 4. Distribution of the components of mechanical 
displacement and electric potential in resonator excited  

by electric field at frequency 6.55 MHz. 
 
 

The theoretical value of the impedance is 
calculated in accordance with the formula: 

 

2 1( ) /Z Jϕ ϕ= − , (22) 
 

where φ2 – φ1 is the potential difference between 
electrodes, J is the displacement current: 

 

S

D
J ds

t

∂=
∂

 (23) 

 
This integral is taken over the both top and 

bottom surfaces of the electrode. The calculated 
frequency dependencies of real and imaginary parts 
of electrical impedance are presented by solid lines in 
Figs. 5-7. The material constants of lithium niobate 
were taken from [8]. 
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Fig. 5. Theoretical and experimental value of the real (a) 
and imaginary (b) components of the electrical impedance 
of the resonator with a 1 mm gap between the electrodes. 
Solid line is theory, dashed line is experiment. 
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Fig. 6. Theoretical and experimental value of the real (a) 
and imaginary (b) components of the electrical impedance 
of the resonator with a 2 mm gap between the electrodes. 
Solid line is theory, dashed line is experiment. 
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Fig. 7. Theoretical and experimental values of the  real (a) 
and imaginary (b) components of the electrical impedance 
of the resonator with a 3 mm gap between the electrodes. 
Solid line is theory, dashed line is experiment. 

 
 

One can see from Figs. 5-7 that a good agreement 
exists between theoretical and experimental 
dependencies. Therefore, the difference between 
values of resonant frequency does not exceed 
15 kHz. A slightly bigger distinction in absolute 
values of X is explained by the parasitic electric 
capacity of the device, which has not been 
considered in calculation. Moreover, the used 
material constants taken from [8] may differ from 
actual ones in the range ±5 % (standard error for 
modern technology of crystal growing process). 

 
 

5. Conclusions 
 

The obtained results have shown the adequacy of 
the developed method for the characteristics 

calculation for resonators excited by a lateral electric 
field. These results will be used in future to develop 
sensors of fluid properties. 
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Abstract: An improved miniature biosignal data sensor and recorder device is described, (NAT-1-4G)  
with 3-axis accelerometer, and a 500 Sa/sec all-channel recording capacity of 36 hours or more with a single 
zinc-air battery cell, and up to 6 days at 100 Sa/Sec for accelerometer only. Like the previous NAT-1 prototype 
device, this measures less than 18×22×10 mm and weighs less than 2.3 grams, including the battery. In this 
paper we describe the device in detail, and introduce the presentation of tremor data measurement captured in 
the context of Parkinson’s disease fore-arm monitoring. The NAT-1-4G device itself has already achieved 
translation to commercialization and is currently available. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Neurophysiology, Bio-signal sensors, Medical sensors, Parkinson’s Disease. 
 
 
 
1. Introduction 

 

It is well understood that use of biosignal data 
acquisition is increasingly important in many 
application scenarios, not the least of which are 
biomedical applications. Often, such measurements 
are taken in wired or wireless umbilical modes, in 
other words, within a clinical evaluation setting, with 
data captured and analyzed over relatively short time 
windows, and in unnatural settings.  

However, the ability to perform ambulatory 
monitoring of patients provides the possibility of 
long-duration data capture of bio-parameters in a 
normal living situation or work-place. This has been 
an aim for many decades, and has developed from 
early magnetic tape based data capture [1], to digital 
systems [2], custom integrated circuits [3-4] and 
more advanced medical data recorders [5-6]. Such 
capabilities are identified by many clinical 

researchers as being desirable. The opportunity to 
learn more about medical conditions as well as the 
condition of individual patients themselves is seen as 
a major motivator for developing suitable devices. 
This is very true of applications in the domain of 
Parkinson’s Disease and similar tremor-related 
medical conditions, where often the primary mode of 
data capture is limited to a supervised scenario [7-9]. 
The importance of gathering continuous data for drug 
management, establishing and gauging long-term 
prognosis, and the personal reassurance for patients 
afforded by suitably presented feedback from 
monitoring systems, can’t be underestimated. 

The “NAT” (Neural Activity Tracker) project 
aims to produce a multi-purpose data sensing and 
recording solution that is extremely small, 
lightweight and having a recording capacity of days 
to weeks, dependent upon the selection of parameters 
such as sample frequency. The NAT-1 device [10] 

http://www.sensorsportal.com/HTML/DIGEST/P_2587.htm

http://www.sensorsportal.com
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introduced our first solution to this problem in 2013. 
Since then we have enhanced and improved the 
design, resulting in NAT version 1-4G. This newer 
device includes multiple improvements, including the 
ability to alter the signal sensitivity of individual 
recording channels to adapt to a given bio-signal 
type, including ECG/EEG/EMG/EOG (Electro-
encephalography, Electro-myography, Electro-
cardiography, Electro-oculography), and also 
auxiliary sensor modules (such as temperature for 
instance). The NAT-1-4G also retains its capability 
for tri-axial accelerometer data capture, and in an 
accelerometer-only recording mode allows 
400 samples per second for all three axes, with 
recording times up to 3 days. At 100 Sa/sec, duration 
is 6 days. 

This paper presents the NAT-1-4G in technical 
detail in Sections 2 and 3, whilst Section 4 
documents some initial experimental applications of 
the device with a Parkinson’s Disease tremor 
collection scenario. Note that the intention of this 
paper is not clinical: we do not make any clinically 
definitive claims about the data collected, but will 
observe and determine the suitability of the device 
for capturing such data, and for showing 
characteristics typically symptomatic of a 
Parkinson’s Disease subject.  

Section 5 highlights the additional resources 
developed alongside NAT, including docking station, 
wrist-mount, and the infra-red data signature time-
stamp add-on board. A brief state-of-the-art is given 
in Section 6, and conclusions presented in Section 7. 

 
 

2. A Small Form-Factor Data Recorder 
 

The NAT-1 is a device family of only 18×22 mm 
in size, less than 10 mm in height (when using a zinc-
air disposable power cell). It weighs less than  
2.3 grams, which means it is attractive in applications 
where regulatory constraints apply (e.g., use with 
small animals such as mice and other rodents). It is so 
light in weight as to be quite unobtrusive as a human-
subject wearable body-sensor. This low-weight 
attribute also means that multiple devices can be 
worn individually or in small groups where 
appropriate, without causing encumbrance of the 
subject's normal movements and behavior. We have 
verified this in a fashion, with team members wearing 
the device continuously for up to three days (using a 
3D-printed wrist-capsule) with no issues.  

A NAT-1 device is shown in the image of Fig. 1, 
with a ball-point pen of normal size for scale. In the 
photograph provided in Fig. 1, we can see some 
interesting features. The major part of the device has 
a profile of less than 4 mm. Also visible in Fig. 1 is a 
specially designed battery clip for housing a zinc-air 
cell (as used in hearing aids). This is the gold-plated 
metal structure. The use of flatter button cells can be 
envisaged to make a smaller profile possible, though 
this has weight implications. We also note the 
potential for ultra-thin flexible lithium polymer 

rechargeable batteries, which have a similar footprint 
and only 2 mm height profile that would align well 
with the NAT PCB module in situ.  

 
 

 
 

Fig. 1. Top View of NAT-1 Device. 
 
 

Near the tip of the ball-point pen, one can see a 
small low-profile connector socket, which is actually 
a mezzanine daughterboard connector port. This 
permits a range of possible extension modules. Fig. 2 
shows the system level block diagram. As for our 
previous NAT-1 device [10], this device comprises of 
three key components – a flash memory chip (largest 
chip in Fig. 1), a proprietary CPU (mid-sized chip of 
Fig. 1), and a proprietary MEMS (Micro-Electro-
Mechanical System) device for accelerometer 
(smallest chip of Fig. 1). 
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Fig. 2. NAT Device – Sub-component Block Diagram 
 
 

Additional analogue front-end components 
provide appropriate signal conditioning for the signal 
ranges typically encountered in a range of biosensor 
and biomedical applications. This is augmented by 
the introduction of programmable gain on a per-
channel basis, with signal range up to ±4 mV, and 
ability to scale to signals in the sub-1mV range 
without appreciable noise.  
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3. NAT-1-4G Device Specification 
 

The NAT-1-4G has the specifications as outlined 
in Table 1.  

 
 

Table 1. NAT-1-4G Specifications. 
 

Parameter Limits Units 
Analogue inputs 4 channels 
Bits per analogue channel 
when used 

11 bits 

MEMS Accelerometer 3 Axis 
Bits per Accel. Axis 8 bits 
Sample rate (max) 2000 x 4 ch 
Max Current 2 kSa/sec 
500 Sa/sec 

4.8 
2.4 

mA 
mA 

Data Capacity 4 or 8 Gbits 
All-Channel Recording 
Time 
at 2 kSa/sec 

9 or 218 a Hours 

Analogue Range 
 
 
(previous NAT) 

± 1000 min 
± 4000 max 

 
± 1000 b 

uV 

Accelerometer range 
Selectable 

2 / 8 
G (G-force) 

Accelerometer sensitivity 18 / 72 mG (G-force) 
a  Recording time for all channels. Revised device has 
accelerometer-only option with 6 day record time at 
100 Sa/sec. 
b  Original NAT had fixed ± 1 mV voltage range. Revised 
NAT range is channel programmable up to ± 4mV. 

 
 

The device has a wide range of possible sample 
rates, ranging from 100 Sa/sec to 2000 Sa/sec via the 
user interface software application. At 2000 Sa/sec, 
the device consumes 4.8 mA of current from a single 
1.4-Volt cell, and can record for over 9 hours.  
An 8-GBit flash option is possible (NAT-1-8G) and 
would have over 12 Hours of recording capacity at 
maximum rates. However, such high sample rates are 
not necessary for most bio-signal applications we 
envisage in general long duration monitoring 
scenarios. At lower sample rates, the capacity of the 
flash is extended too many days, for example 6 days 
at 100 Sa/sec for accelerometer only. This compares 
well with reported state of the art examples [3-4], 
given that the system is comprised of readily 
available commodity integrated circuits. The device 
has three important connection mechanisms, these 
being the analog input connector (angled connector 
block to left of device in Fig. 3a), the daughterboard 
extension socket (Fig. 3b) and the docking-shoe 
corner pads (seen in Fig. 3a) 

A particular feature of NAT-1 was the use of a 
single zinc-air power cell. Such cells are widely used 
in hearing aids, and have an active power-delivery 
life-span of around two weeks, after which the cell 
begins to cease to be viable. We have retained this 
mode of power provision in NAT-1-4G. However the 
possibility of using alternative power cells is being 
actively investigated at present. To date, the Zinc-Air 
modules offer the best power density for size and 
weight with considerable record times up to 2 weeks. 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. (a) Analogue Connector Port on NAT-1 Device 
Underside, and (b) Overhead View of NAT  

and Daughterboard Connector. 
 
 

4. Evaluation Methodology 
 

Previously, most of the testing of the device has 
been limited to test scenarios including (a) EEG and 
Accelerometer data collection from mice in live test 
scenarios undertaken by researchers at the University 
of Aberdeen, (b) a preliminary EMG capture 
evaluation at the University of York, and a (c) high-G 
test setting using a golf-club attachment to capture 
golf swing behaviors in terms of club rotation, side-
movement and swing-path motion [10]. In all cases, 
the device was used untethered and powered 
exclusively with a single zinc-air cell. This work was 
aimed at gaining an initial scope of capabilities of the 
device. In this paper, with the newer NAT-1-4G, we 
describe the use of the device in capturing tremor 
motion in a Parkinson’s disease subject, and we 
compare this to data captured in the same way for 
healthy control subjects. This is a limited test-
scenario owing more to engineering evaluation than 
clinical study, and should not be considered as a 
practical clinical evaluation study. 

The experimental method consisted of a wrist-
mounted device (see later Section 6 for details and 
photographs) which in most cases is worn 
continuously for several days, and only being 
removed where not appropriate for the device 
operation (e.g. whilst showering). All three 
accelerometer channels were sampled at 500 Sa/sec 
with a resolution of 8 bits per channel for a full-scale 
range of ±2000 milli-G. An important aspect of the 
data collection is that there is no knowledge of 
activities during data collection (it is unsupervised).  
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Unlike short laboratory assessed (supervised) 
tremor measurements, where a series of directed or 
constrained actions are monitored for a period of 
perhaps 1 hour, here the data was collected blindly 
for up to 72 hours. This presents particular issues for 
data interpretation which we discuss further in later 
sections. The purpose of the evaluation was to make 
a straightforward determination that the NAT-1-4G 
device is (or is not) capable of gathering potentially 
clinically-useful tremor data during long 
unsupervised periods of use. 

In order to understand our evaluation, it is useful 
to first of all exemplify the typical data 
characteristics likely to be observed in such an 
experimental study. A common aspect of Parkinson’s 
tremor is the presentation of an excess of frequency 
components in the 5 to 7 Hz range as compared to 
typical healthy subjects.  

The example of Fig. 4, reproduced from a recent 
publication [11], illustrates this quite well. It is seen 
that a control subject has a relatively broad range of 
frequency components in movement measurements, 
whilst a Parkinson’s patient exhibits a classical 
dominant frequency peak centered around the 5-6 Hz 
frequency, (often described as the unilateral or 
bilateral resting tremor) which is attributed to motor-
neuron induced involuntary movements in the 
instrumented limb. These components usually have 
noticeably larger magnitudes than typical average 
motions generated by intended limb motion.  

It is important perhaps to note that there is a 
significant difference between a resting limb 
exhibiting tremor (as might be observed under a 
controlled measurement scenario) and a limb 
measured over a significant timescale with 
unsupervised ‘every-day’ behaviors. The challenge 

for long-term unsupervised monitoring is to distill 
reliable indicators from inherently component-rich 
data sets. NAT-1-4G can of course be used for both a 
controlled resting limb study and an unsupervised 
data recording scenario. 

 
 

 
 

Fig. 4. Example of Parkinson’s Tremor components 
centered around 5 to 6 Hz for control (top) and affected 
patient (bottom). Reproduced from Meigal, et al. [11]. 

 
 

In terms of existing devices, of which there are 
too many to present a comprehensive survey here, we 
have surveyed a subset of current devices that have 
succeeded in achieving commercial translation into 
common use, as tabulated in Table 2, for comparative 
purposes. Several of these are wirelessly tethered 
devices via radio link, and several are non-wireless 
devices, including NAT-1-4G itself.  

 
 

Table 2. Comparison With Some Recently Reported Devices. 
 

Device & Type SIZE & WEIGHT 
Battery Type & 

Record Time 
Sensors and Inputs Sample Rates 

Data 
Storage 

Refs if 
any

MCROBERTS 
HYBRID 
Bluetooth 
Tethered 

87×45×17 mm 
74 grams 

Lithium Polymer 
60 hrs at 100 Hz 

2G tri-axial 
accelerometer 

triaxial Gyroscope 
100 Sa/sec SD card [16] 

Neurologger 2A 
Untethered 
EEG logger 

22×15×5 mm 
1.7 grams 

with battery  
and 3-axis 

accelerometer 

2x ZN10 battery 
124 hrs at 100 Hz 
32 hrs at 400 Hz 

4 channel analog input 
extra board provides 
triaxial accelerometer 
with additional weight 

(about 0.4 gram) 

100 Sa/sec up to 
19 kSa/sec for 
one channel 
1000 Hz for 

accelerometer 

On board 
flash 
Up to 
1 GBit 

[17] 

G-Link 
Wireless tethered 

58×43×21 mm 
40 grams 

Lithium polymer 
Record time not stated

2 G/10 G Triaxial 
accelerometer, 

temperature sensor 

2 channel 
(accel/temp) 

4 kSa/sec 
4 channel  
2 kSa/sec 

Onboard 
2 Mbyte 

[18] 

NAT-4G 
Untethered 

EEG/EMG/ECG 
and Accel Logger

22×18×10 mm 
< 2.3 grams 
with battery 

Zinc-Air hearing aid 
battery 

9 hours at 2000 Sa/sec
72 hours at 250 Sa/sec
>6 days at 100 Sa/sec

2 G/8 G triaxial 
Accelerometer 

4 channel ±4 mV  
analog in 

Up to  
2000 Sa/sec 

Built in 
Flash 

4 or 8 Gbit 

This 
paper
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The Neurologger-2A device has some similar sets 
of capabilities to the NAT-1-4G, as might be 
expected as it is a similar onboard storage recorder, 
whereas the wireless devices have significant 
demands for power, requiring larger batteries and 
more circuitry. It can be seen that NAT-1-4G 
provides the smallest, lightest, and longest recording 
lengths for a device integrating both accelerometer 
and analogue sensor (e.g. EEG) channel recording as 
standard. Neurologger-2 with add-on accelerometer 
board has comparable weight and size to NAT-1-4G. 
The NAT-1-4G device has a large signal range and is 
programmable to accept analogue signal inputs up to 
±4 mV and can be reduced to ±1000 μV for  
high-sensitivity.  

Ambulatory monitoring has importance for the 
role of extended out-patient monitoring of EEG as a 
diagnostic aid and guide to treatment [12-13]. Recent 
work in this field includes many wireless approaches 
to ambulatory monitoring, but these are effectively 
'tethered' via a secondary monitoring or recording 
station [14-15]. Recent literature reports an 8-channel 
EEG sensor node which “measures 
35 mm×30 mm×5 mm excluding Li-ion battery” 
[14], and power consumption in the range of 27-
42 mW, equivalent to around 3 to 5 mW per channel. 

 
 
5. Evaluation and Results 

 
After gathering data from a small study of four 

subjects, various data processing approaches were 
explored to derive useful data. The initial raw data 
sets contain a number of artifacts that need to be 
managed. Inevitably the accelerometer range 
encounters clipping (saturation), since the sensitivity 
of the accelerometer scale needs to be fine enough to 
detect tremor motions, even though other motions in 
unsupervised data collection can be more dynamic. A 
second issue is that of constant-G offsets caused by 
orientations of the limb, in this case the wrist, and in 
different postures for instance. Both of these aspects 
may be observed in Fig. 5a, which shows the raw 
data collected over a 48-hour period, and clearly 
exhibits variable constant-G offsets as well  
as saturation. 

Fig. 5a highlights a further aspect of interest, 
colorized in red on the trace. In the data survey we 
have conducted we have observed that it is possible 
to automate identification of ‘quiet periods’ where 
activity is relatively low. These are analogous to a 
resting limb, though in fact these so-called quiet 
periods contain non-resting activity, but less so than 
other segments of the data. The algorithmic approach 
to identification of quiet periods is described  
as follows: 

We define noisiness with respect to a signal as 
defined in Equation 1, for case of the parameter k0 to 
be as stated in Equation 2. 

 

 
(1) 

 
(2) 

 
 

 
 

Fig. 5a. Raw Data Collection over 48 hours 
(where red sections represent ‘quiet’ periods).  

 
 

 
 

Fig. 5b. Raw data and Magnitude after Constant-G 
Correction (where red represents adjusted data). 

 
 

 
 

Fig. 5c. Magnitude of Acceleration with Correction 
(blue - original data, green – offsets removed). 
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For Equation 2, the constant s is chosen such that 
the time distance between the occurrence of fk0-s and 
that of fk0+s is as close as possible to 1 s. We note 
that vk0 is defined only for:  

 

k0 = s+1, s+2,…, N-s 
 

To segment a signal into noisy and quiet periods, 
we threshold vk by θ and say that a noisy moment k is 
given by (vk ≥ θ) and a quiet one by (vk < θ).  

A quiet period is then given by 2 s or more 
consecutive quiet moments, and noisy periods consist 
of the moments outside quiet periods. 

In general, we adapt the threshold to the trace by 
setting θ = μv - 0.3σv, where μv and σv are the mean 
and standard deviation of vk over its defined values. 
This is done to take account of the possibly varying 
baseline activity between subjects, and between their 
hands. The value 0.3 used here is an empirically 
selected value, which appears to make a good job  
of segmentation. 

Meanwhile, by applying very-low-frequency 
component extraction and adjustments to the raw 
data, it is possible to remove the earlier mentioned 
constant-G offsets from the data, whereupon it is 
possible to plot the magnitude of acceleration of the 
data on each channel without bias due to such offsets. 
This is illustrated by Fig. 5b, which shows the 
normalized magnitude in red against the whole data 
set in pink. Fig. 5c shows a small segment of the data 
with the raw data magnitude plot versus the offset 
adjusted case.  

Once these treatments are applied to the gathered 
data, it becomes possible to generate power-spectra 
plots of magnitude versus frequency components 
using FFT analysis. We may then plot each 
accelerometer axis as well as a combined power 
spectra plot, which combines motion from all three 
axes. Fig. 6a shows such a collection of plots for a 
healthy subject, whilst Fig. 6b shows the same for a 
known Parkinson’s disease volunteer. It is already 
noticeable that the Parkinson’s disease plots show the 
classical excess of activity in the 5 to 6 Hz region. 

Fig. 7a and Fig. 7b show the combined data sets 
for four human volunteers for comparison. The 
subjects included three healthy individuals and one 
Parkinson’s disease diagnosed subject. Data was 
collected for each wrist (left/right) on separate 
occasions. When only the quiet periods of the data 
sets are analyzed, the components of the data become 
less ‘cluttered’. That is not to say there is not much to 
be discovered by analyzing a more complex data 
context – but rather that there is much to be done to 
develop useful analytical models from such data sets. 

Fig. 8a and Fig. 8b show examples of non-
selective data analysis (i.e. all data from a multi-day 
data capture run) and using the so-called ‘quiet 
periods’ only. 

In the healthy subjects the plots have a clearly 
defined roll-off toward 20 Hz and if the slope of the 
characteristic was subtracted from these plots there 
would be a fairly uniform response. In the case of the 

Parkinson’s subject however, one can observe an 
obvious excess of frequency activity in the 5 to 7 Hz 
range and this correlates well with our expectation if 
the device were capable of effective collection of 
tremor data. We note that the left and right hand 
characteristics of the Parkinson’s disease volunteer 
are different. This may reflect the fact that the 
dominant limb and non-dominant limb have different 
use in every-day activity and/or a function of the 
tremor being non-symmetrically presented.  

 
 

 
 

Fig. 6a. Three-Axis Power Spectra (Non-Parkinson) 
(right - dominant – hand), showing channels 1, 2 and 3, 

plus combined magnitude, linear vertical scale. 
 
 

 
 

Fig. 6b. Three-Axis Power Spectra (Parkinson) 
(right - dominant - hand, showing channels 1, 2 and 3, plus 

combined magnitude, linear vertical scale).  
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(a) 

 

 
(b) 

 
Fig. 7. Power Spectra for Parkinson’s Case and Controls: (a) Left Wrist, (b) Right Wrist 

(Parkinson’s subject red, blue and green are controls, right wrist Data Collection, log vertical scale). 
 
 

(a) (b) 
 

Fig. 8. Frequency vs. Magnitude for All, (a) without selectivity, and (b) with ‘quiet period’ selectivity 
(right wrist, trace colours as noted in Fig. 7). 
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All of the subjects exhibited a strong signal  
in the area of 1 to 2 Hz, which we attributed  
to walking and gait behavior in our preliminary 

report [19]. We conducted further tests on this  
aspect, resulting in data reported in Fig. 9, Fig. 10 
and Fig. 11.  

 
 

 
(9a) 

 

 
(10a) 

 
(9b) 

 

 
(10b) 

 
(9c) 

 

 
(10c) 

Fig. 9. Accelerometer Channel Frequency Components  
for Walking with Hands in Pockets.

Fig. 10. Accelerometer Channel Frequency Components  
for Walking with hands free. 

 
 

(11a) 
 

(11b) 

Fig. 11. Frequency Spectrum of magnitue of change for all Accelerometer channels combined,  
showing (a) walking with hands in pockets, and (b) walking with hands free. 
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Fig. 9 shows the tri-axial accelerometer data for a 
subject walking with hands restricted (hands in 
pockets). Fig. 10 shows the same data but with hands 
free to swing in a normal walking mode. Fig. 11 
shows the combined data for both cases as a 
magnitude plot. In all cases the data is presented as a 
frequency component trend. The main observation 
here is that walking with hands free there is a peak at 
around 1 Hz whereas this is missing in the ‘hands in 
pockets’ case, and the 2 Hz component is 
substantially reduced. This tends to back up our view 
that the 1-2 Hz peak in the long duration recordings 
is due to walking related motion components. This 
could prove to be very useful. 

As noted earlier this is not intended to be a 
clinical study – rather an observation of the 
suitability of our device for long term signal capture 
in this domain – can we capture data that is useful in 
differentiating tremor related micro-movements? The 
data captured seems to confirm the value of the 
device for such work. 

 
 

6. Docking Station, Analysis Tools  
and Extension Boards 

 

The NAT device family has the advantage of 
being provided with a bespoke docking station, for 
download of recorded data from flash via USB. This 
is illustrated in Fig. 12. Once downloaded, the data 
can be processed using Cybula Ltd Signal Data 
Explorer software suite, which can be trained to 
perform auto detection and classification of signal 
behaviors and events [10]. Available add-ons also 
include an infra-red time-code recording 
daughterboard which records infrared pulse code 
streams along-side the analogue channels (see Fig. 13 
showing IR device fitted onto the NAT module). 

Fig. 14 shows the wrist-mount prototype capsule 
in various views when worn. The wrist module is 
quite compact but could be further reduced in size. 
With certain power cells the format and size of the 
capsule could certainly be reduced considerably. 
These early prototype capsules were developed using 
3D rapid prototyping (close up view shown in 
Fig. 15). We are currently working on more 
sophisticated one-piece wrist-mount modules with 
integral strap, and using more flexible plastics. 

 
 

 
 

Fig. 12. NAT USB docking station. 

 
 

Fig. 13. NAT1-IRDB Infra-red Receiver  
Daughter-Board, Shown mounted on a NAT device. 

 
 

 
 

 
 

Fig. 14. NAT Wrist-Mounted Early Prototype Capsule. 
 
 

 
 

Fig. 15. Close-up of NAT Capsule Prototype. 
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Future developments for the daughterboard 
connector socket could include RF telemetry 
functions and a micro-backplane to permit multiple 
NAT devices to be ganged and synchronized to 
perform something like 16 or 32 channel acquisition, 
thus linking multiple NATs in a synchronized data 
capture mode. This is particularly interesting for 
multi-limb monitoring where relationships between 
respective limb data-sets might be of interest.  

 
 

7. Conclusions and Future Work 
 
The improvements made to the NAT-1-4G device 

are undoubtedly beneficial for its wider use in 
application areas such as EEG, EMG and in more 
complex mixed monitoring scenarios. This includes 
combined tremor-motion and EMG capture in 
patients with conditions such as Parkinson's disease: 
a key area of interest at the present time. Research 
continues within our group on more sophisticated 
data analysis and algorithmic treatment of gathered 
data in long-duration unsupervised contexts. The use 
of low sample rates for accelerometer data recording 
of the order of 7 days is possible with the newer 
device, and we hope in future to evaluate the tradeoff 
between data quality and sample rates to establish a 
clinically useful long-duration recording 
configuration. The York team [20] and partners 
CYBULA Ltd. [21] are very interested in developing 
collaborative partnerships and would welcome 
enquiries from prospective evaluators and end-users 
in the clinical domain at the present time. 

This work forms the first phase of a longer-term 
research project in which we expect to continue to 
collect data in increasingly sophisticated scenarios 
with continuous data capture over months and 
possibly years. The particular aim is to achieve 
clinically useful continuous unsupervised and 
untethered monitoring in every-day environments.  
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Abstract: Aging population has been growing as life expectancy increases. In the years to come a much larger 
percentage of the population will be dependent on others for their daily care. According to a recent report more 
than 11 million seniors live alone in the USA. These seniors may face serious consequences when they have an 
emergency situation. However health-monitoring systems are often not affordable for many seniors. The remote 
health monitoring system presented in this paper addresses the challenge to provide caregivers an emergency 
alert system for the elderly based on monitoring of their heart rates, breathing activities, and room temperature 
measurements. The device also allows the dependents to make on demand request for assistance. The remote 
communication is enabled through the cellular telephone services; so there is no special or additional 
subscription services needed. This is essential to make the device more affordable for the elderly. We expect 
that this affordable remote health-monitoring system can be used to help seniors who live alone be safer and 
healthier. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Health monitoring, Remote elderly monitoring, Breathing monitoring, Emergency alert. 
 
 
 
1. Introduction 

 

The oldest of the baby-boomer generation just 
started to reach retirement age a few years ago. In the 
years to come a much larger percentage of the 
population will be dependent on others for their daily 
care. In fact, the ratio of caregivers to boomers 
needing care in 2010 was 7.2 to 1 and is expected to 
decrease to 2.9 to 1 by 2050 [1, 2] (Fig. 1). Note that 
the caregiver support ratio is the ratio of the 
population aged 45–64 to the population  
aged 80-plus.  

Being a caregiver for an elderly relative can be a 
very demanding experience. Therefore there will be 
higher demand on devices that help caregivers to 
monitor the elderly. Unlike when caring for a 
newborn, there are not many monitoring devices for 

home use available on the market intended for use on 
the elderly available to help caregivers keep elderly 
dependents comfortable and healthy in a home 
setting without a monthly service charge. 

 
 

 
 

Fig. 1. Caregiver support ratio [2]. The calculations were 
based on REMI (Regional Economic Models, Inc.)  

2013 baseline demographic projections. 

http://www.sensorsportal.com/HTML/DIGEST/P_2588.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 184, Issue 1, January 2015, pp. 77-83 

 78 

There are only a handful of elderly monitoring 
devices on the market that offer features such as help 
at the push of a button and fall detection. Not only 
are these devices lacking potential life-saving 
features such as movement detection and room 
temperature monitoring, they also require a monthly 
service fee in addition to an existing telephone line. 
For example, Philips Lifeline, a popular elderly 
monitoring device, requires a subscription with plans 
starting at $29.95 per month [3]. 

In the research community, there are a few 
systems that have been developed for breathing 
monitoring of the elderly. For example, Fook, et. al. 
[4] present non-intrusive respiratory monitoring 
system for detection of life threatening systems in 
bed ridden patients. The system uses Fiber Bragg 
Grating pressure sensors mounted on beds for 
continuous monitoring of the respiratory rate of 
patients without requiring them to wear any device.  

In the wearable bio sensors category there are a 
number of devices available for many different 
monitoring applications. As an example, Chan, et al. 
[5] present wireless patch sensor for remote 
monitoring of heart rate, respiration, activity,  
and falls. 

An affordable health monitoring device was 
developed for the elderly in [6]. The measurements 
from the multiple sensors in the “Sensor Pad” were 
used to evaluate situations where an elderly 
dependent resides. A vibration sensor in the device 
measures breathing activities. A pressure sensor is 
utilized to initiate the measurement of the breathing 
activities. Additionally room temperature was 
measured to detect general emergency. The health 
monitoring system will notify predefined caregivers 
the situation when it determines an emergent 
circumstance. One issue of the device was that the 
dependent must physically contact on the Sensor Pad 
to be monitored.  

The present work is an extension of the device [6]. 
We added a heart rate monitoring sensor and a 
corresponding Android app to give the elderly more 
freedom to be off the Sensor Pad. By having this 
additional sensor and an Android app the caregivers 
will be able to collect more accurate information 
about their elderly dependents. The goal of this 
project is to provide the capability to send  
automatic alerts to caregivers and/or health care 
professionals in case of abnormalities. Data analysis 
is conducted to study the nature of the data and 
minimize false alarms, so users do not lose 
confidence in the device and stop using it. Additional 
feature of temperature monitoring is also 
incorporated to ensure that the dependent stays in a 
comfortable environment. If the room temperature 
exceeds a pre-set limit an automatic alert is sent the 
caregiver. The device also allows the dependent  
to request assistance on demand, by pressing a  
help button. 

Here is a list of criteria that our monitoring device 
will meet in order to benefit both the caregivers and 
the elderly dependent. 

• The device must alert the caregiver if no 
breathing movement is detected. This will allow the 
caregiver to get emergency help right away. 

• The device must not produce false breathing 
movement alarms. False alarms would dramatically 
decrease the usefulness of the motion detection 
feature and could frustrate users to the point of not 
using the feature. 

• The device must be able to monitor room 
temperature and alert the caregiver if the temperature 
is outside of the entered range. This will help ensure 
the dependent is comfortable. 

• The device must be able to measure the 
heartbeat of the dependent in case the dependent is 
off the Sensor Pad. 

• The device must allow the dependent to 
request assistance. This request could be for anything 
from needing a drink to needing help getting to the 
bathroom. 

The rest of this paper is organized as follows. The 
next section details the hardware design of the 
monitoring device. Section 3 presents the software 
design, which is made up of the software running on 
the embedded microcontroller and the software for 
the Smartphone app. Finally the project results are 
discussed and concluding remarks as well as future 
recommendations provided. 

 
 

2. Monitoring Hardware Design 
 
Two major components in hardware were 

developed for the remote health monitoring  
system: Breathing activity detection and heart  
rate measurement.  

 
 

2.1. Breathing Detection 
 
The critical component of this project is the 

breathing detection sensor. The sensor pad shown in 
Fig. 2 is created for breathing movement detection. 
This unit is made up of one pressure sensor and three 
piezo vibration sensors. It was built by placing the 
sensors between two clear plastic folder dividers. The 
folders are held together using both extra strength 
double sided tape as well as epoxy. Electrical tape 
was also used to hold the wires together where they 
exit the sensor pad. The sensors were positioned in a 
way to help minimize the risk of false alarms. The 
vibration sensors were spread out to detect 
movement in different areas of the sensor pad and the 
pressure sensor was located near the vibration 
sensors to make sure the dependent is on the sensor 
pad correctly before enabling breathing alerts. Lastly 
there are four pieces of Velcro on the back of the 
sensor pad. These were used to help the sensor pad 
stay in position when using it in a recliner. A 
rectangular piece of cotton fabric was purchased and 
Velcro was sewn to it. The fabric could then be 
draped over the back of the recliner and the sensor 
pad could be securely placed on it. 
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Fig. 2. Sensor pad.  
(a) Vibration sensor; (b) Pressure sensor; (c) Velcro that is 

used to help the sensor pad stay in position. 
 
 

The data collection and processing of the 
breathing sensor device is handled by the Arduino 
Uno microcontroller, which offers 6 analog inputs 
and 14 digital I/O pins. This is a commonly available 
and inexpensive microcontroller that is excellent for 
quick proof-of-concept and prototyping.  

Wireless communication between the Arduino 
microcontroller and Android devices is done using a 
Bluetooth interface module. For this project, the 
Bluetooth Master Silver [7] is used, which gave 
reliable connection and reasonably good range. 

A temperature sensor is used for monitoring the 
room temperature. For this purpose, the Maxim 
Integrated temperature sensor DS18B20 [8], shown 
in Fig. 3, was chosen due to its low cost and 
adjustable precision temperature sensing. 

Inside of the breathing sensor pad there was one 
FlexiForce Pressure Sensor (Fig. 4) for the sole 
purpose of enabling motion detection when pressure 
is applied.  

There were also three piezo vibration sensors 
(Fig. 5) spreading out inside the sensor pad to detect 
breathing movement. 

 
 

 
 

Fig. 3. Maxim Integrated DS18B20 temperature sensor. 
 
 

 
 

Fig. 4. FlexiForce pressure sensor. 
 

 
 

Fig. 5. Piezo vibration sensor. 

An LCD screen was used for the primary purpose 
of displaying the current room temperature. Since the 
device only needed to display alphanumeric 
characters, a basic 16×2 character LCD was chosen. 
The LCD was equipped with a backlight to make it 
easier to read the screen in a dark room. A toggle 
switch was purchased and connected to the backlight 
control pins which allowed the user to switch the 
backlight on or off. 

A large red pushbutton switch was used to allow 
the dependent to press it when they required 
assistance. A large size was chosen to make it easier 
for an elderly person to find and press it. 

Two LEDs were mounted on the front panel of 
the device for use as indicator lights. A green LED 
was used to indicate that the dependent was on the 
sensor pad and breathing monitoring was active. A 
red LED was used as a warning indicator. It would 
blink for a short duration if the help button was 
pressed or if no breathing motion was detected. 
An actual prototype of the circuitry for the control 
system is shown in Fig. 6 below. In the final 
implementation the microcontroller and all the other 
components will be assembled on a printed circuit 
board, to make a clean and robust device. 

The wiring diagrams are shown in Fig. 7 and 
Fig. 8 to show the circuits. To reduce complexity of 
the diagrams the LCD diagram is shown in a 
separated figure. 

 
 

 
 

Fig. 6. Initial prototype of the control system. 
 
 

All of the user interface elements that the 
dependent needs to interact with are conveniently 
mounted on the device enclosure. As seen in Fig. 9 
below, the LCD screen and LEDs are mounted on the 
front of the box for easy viewing whereas the toggle 
switch and help button are mounted on top for  
easy pressing. 

 
 

2.2. Heartbeat Measurement 
 
The Pulse Sensor Amped [9] was used to measure 

the heart pulse signal (Fig. 10). The heart pulse 
signals are represented as voltage fluctuation from 
the sensor that uses photoplethysmography (PPG).  
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Fig. 7. Wiring diagram excluding LCD. 
 
 

 
 

Fig. 8. Wiring diagram for an LCD and a switch. 
 
 

 
 

Fig. 9. Monitor front view. (a) LCD backlight toggle 
switch; (b) Pushbutton; (c) LCD screen;  

(d) Green and Red LEDs. 

 
 

Fig. 10. Pulse Sensor Amped. 
 
 

PPG is a low-cost optical technique that can be 
used to detect blood volume changes in the 
microvascular of tissue [10]. It is often used non-
invasively to make measurements at the skin surface. 
We used beats per minute or PBM to determine the 
pulse rate from [11]. 

Using the Pulse Sensor Amped, the heartbeat 
measurement module was implemented as shown  
in Fig. 11. 

 
 

 
 

Fig. 11. Heartbeat measurement prototype. 
 
 

3. Monitoring Software Design 
 

There are two software programs developed for 
the monitoring system. The Arduino software dealt 
with data from the various hardware and sensors 
whereas the primary purpose of the Android  
software was to get data from the monitoring device 
and send text message alerts to healthcare providers 
when needed. 

The Arduino application starts by initializing all 
of the variables and hardware components. It then 
constantly loops through the various functions which 
include checking for a pushed button, updating the 
room temperature, sending data to the Android 
device, checking for breathing movement, and 
toggling the LEDs if necessary. Software timers are 
used to limit how often the room temperature is 
checked and how often information is sent to the 
Android device. These timers are also used to create 
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breathing movement detection time frames which 
will be further discussed later. 

When the Android application starts, it loads 
previously saved data such as the contact phone 
number and the desired room temperature range. If 
this data hasn't been updated it will load the default 
room temperature range of 70-80°F and notify the 
user that they need to enter a phone number so that 
alerts can be sent. At start-up the application also 
automatically connects to the Arduino Bluetooth 
board. A new thread is created that waits to receive 
data from the Arduino. Each time data is received, 
the user interface elements such as the current 
temperature are updated. The data is also evaluated 
to determine if a text message needs to be sent. 
Further details about this are discussed later. 

A simple data structure is created for the 
communication between the Arduino and Android 
devices. During every communication, the Arduino 
device sends data made up of two integers separated 
by a colon. The first number is the current 
temperature (in Fahrenheit) and the second is an alert 
code (Table 1). For example, "77:0" would mean the 
current room temperature was 77°F and there were 
no alerts. 

Table 1. Alert code. 
 

Alert code Alert Type 

0 No alert 

1 Help button was pressed 

2 Movement not detected 

 
 

3.1. Breathing Movement Detection 
 
Breathing movement detection is a bit complex. 

To be enabled, the reading from the pressure sensor 
pin has to be at least 0.3 volts. When enabled, there 
are motion detecting time windows. Each window is 
25 seconds long. During these windows the software 
keeps track of the minimum and maximum readings 
for each of the three vibration sensors. At the end of 
the window, it takes the difference for each of the 
sensor's minimum and maximum values and 
compares the difference with set threshold values. 
This method was found to work well experimentally 
for detecting the difference between a breathing 
person (Fig. 12) and a non-breathing object (Fig. 13).  

 
 

 
 

Fig. 12. Sensor data for a breathing person. 
 
 

 
 

Fig. 13. Sensor data for a non-breathing object. 
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If all three differences are below the set threshold 
values, the emergency alert is set and sent to the 
Android device. This also enables fast toggling of the 
red LED for 8 seconds. After each detection window 
ends, all of the variables are reset to prepare for the 
next window. 
 
 
3.2. Android App – Caregiver Assistant 

 
The Android application, titled Caregiver 

Assistant, has been designed and tested to operate on 
any Android device with OS 2.3 or newer. The 
application allows the user to change settings such as 
the desired room temperature range and the phone 
number where text alerts are sent. It also acts as a 
second room temperature display. Fig. 14 shows 
what the application looks like with each  
section labeled. 

 
 

 
 

Fig. 14. Android app – Caregiver Assistant user interface. 
(a) Temperature status indicator; (b) Minimum room 
temperature setting; (c) Maximum room temperature 
setting; (d) Current room temperature display; (e) Alert 
phone number display and update field. 

 
 

The first thing the Android application does after 
it establishes a Bluetooth connection with the 
Arduino device is to send it a short message. This is 
how the Arduino device is notified that the Android 
device has been connected. Following this the 
Arduino immediately sends temperature data that is 
displayed on the Android device right away. 

In the Android application there is a thread that 
waits to receive data from the Arduino device. Once 
data is received a few things occur. First the 
information needs to be split to separate the 
temperature from the alert code. Next the 
temperature on the display is updated. It also checks 
this updated temperature value to see if it's outside of 
the range in the current settings. If it's outside of the 
range, then a text message alert is sent indicating that 
the room temperature is either too warm or too cold. 
It then looks at the alert code. As stated earlier, if the 
alert code is 0 then nothing needs to be done. If the 
code isn't 0 then it would send the text message alert 
for either a button press or no breathing detected. 

Sample text messages for all of these instances can 
be seen in Table 2. 

 
 

Table 2. Predetermined Text Messages. 
 

Alert Type Text Message 

Temperature 
Alert 

Temperature Warning - Current 
room temperature is 62 which is 
outside of the current desired range 

Alert Code = 1 
(Button Press) 

I need assistance (Button pressed) 

Alert Code = 2 
(Emergency) 

EMERGENCY - Help ASAP 

 
 

3.3. Android App – Heart Rate Monitoring 
 
The user interface consists of a series of clickable 

buttons that perform actions and edit the phone 
number (Fig. 15 (a)).  

The heartbeat measurement device is connected 
to the Android app through Bluetooth. BT On button 
connects the app to heart rate monitoring device. The 
current location is automatically updated in either 
every 10 seconds or when position changes above  
10 meters. When Start button is pressed, the heart 
rate measurement device starts sending pulse rate 
signals to the app. The emergency message can be 
sent either when the user clicks Emergency button 
manually or when the heartbeat per minute is 
below/above the predefined value automatically. Fig. 
15 (b) shows a current heart rate.  

 
 

(a) (b) 
 

Fig. 15. Android application user interface  
for heartbeat measurement.  

(a) Main control screen, (b) Heartbeat visualization. 
 
 

4. Discussion 
 
In this section the analysis of the device’s 

operation is presented. After initial testing of the 
breathing monitoring device that was presented in 
this paper the following observations are made from 
evaluations on how well the system meets its  
initial requirements. 
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• The device must alert the caregiver if no 
breathing motion is detected 

o An emergency text message is sent to the 
caregiver if not enough movement  
is detected. 

• The device must not produce false breathing 
movement alarms. 

o A pressure sensor is included in the sensor 
pad to disable motion sensing when the user 
is not on the sensor pad. This eliminates 
false alarms caused by the user not sitting on 
the sensor pad. 

o Data was collected both with people and 
with non-breathing objects on the sensor 
pad. Using the data, thresholds for each 
vibration sensor were set accordingly. This 
eliminates false alarms when the user is on 
the sensor pad. 

• The device must be able to monitor room 
temperature and alert the caregiver if the temperature 
is outside of the entered range. 

o The caregiver can use the Android 
application to set a desired room 
temperature range. 

o A text message alert is sent to the caregiver 
if the temperature goes outside of the range 
indicated in the Android application. 

• The device must allow the dependent to 
request assistance. 

o The dependent can press a large red button 
if they need the caregiver for any reason.  

o The device will send a text message to the 
caregiver, indicating that the button was 
pressed and the dependent needs help. 

 
 

5. Conclusions and Future Work 
 
Overall the proposed system was successful as 

each of the system criteria was met, as demonstrated 
in the previous section. A prototype of a fully-
functional elderly monitoring device was developed 
that is able to monitor breathing movement and room 
temperature, and alert the caregiver whenever 
assistance is needed. Similar to competing devices, 
the alerts require phone service in the form of an 
Android device. However, by sending the alerts to a 
caregiver or family member, this eliminates the 
additional service fee that the competition requires to 
operate their call centers. 

Although the presented elderly monitoring device 
was successful, the following improvements could be 
considered to make the device even better. 

• Implement a wireless version of the sensor 
pad for easier device placement. 

• Add an option to allow fall risk alerts. An 
alert can be sent to the caregiver if the elderly 
dependent gets up. The option could be set from the 

Android application to avoid needing additional 
hardware. 

• Add the ability to add multiple contact 
phone numbers within the Android application, 
allowing more than one person to be contacted in 
emergency situations. 

• Add a momentary toggle switch to allow the 
user to cycle through various predefined text 
messages instead of only being able to use the 
general "I need help" message. 
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Abstract: The electrocardiogram (ECG) is one of the most important signals acquired from the body, as it 
serves as the immediate source of information relating to heart performance. Hence, a lot of research has gone 
into various types of ECG acquisition methods and systems. With the numerous methods and systems available 
at hand, it is important to compare, contrast, and evaluate the existing techniques. Not only does this help 
distinguish between the different techniques, it also helps build on the existing methods to create successful 
acquisition systems that can surpass the effect of unwanted factors, such as movement and other noise artifacts. 
This paper builds on a previous study that compared two different ECG acquisition systems, one of which uses 
PS25015A dry electrodes and the other, which uses two different silver/silver chloride (Ag/AgCl) wet 
electrodes. The adaptive filtering technique was implemented in order to test its effectiveness when applied to a 
wearable ECG medical device, intended to monitor the user’s ECG throughout daily activities, such as walking. 
According to statistical analysis, the dry electrodes may have a better SNR. However, the dry electrodes 
provided a lower wave amplitude, compared to the wet electrodes. Overall, the least mean squares (LMS) 
adaptive filtering, along with bandpass filtering, helped reduce motion artifacts in ECG signals acquired during 
walking. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Electrocardiogram (ECG), Wet electrode, Dry electrode, Cross correlation, Peak detection, 
Adaptive filtering, Least mean square. 
 
 
 
1. Introduction 

 

The electrocardiogram (ECG) has arguably 
become one of the most recognized and used 
biomedical signals. ECG is the electrical 
interpretation of the activity of the heart, and can 
easily be recorded with the use of surface  
electrodes either on the chest or limbs [1]. As the 
heart is one of the most important organs  

in the body, its contraction activity and performance 
is vital to monitoring health. The most important 
attribute of the ECG is that its shape is altered by 
abnormalities and cardiovascular diseases, such as 
arrhythmia, myocardial ischemia, premature 
ventricular contraction (PVC), infarction and  
many more [1].  

In terms of its signal acquisition, there are various 
methods of electrode placement. ECG is traditionally 

http://www.sensorsportal.com/HTML/DIGEST/P_2589.htm

http://www.sensorsportal.com
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recorded using 12-channels for clinical use. In this 
12 lead configuration, electrodes are placed on the 
right leg, and both wrists. The three augmented leads 
are (aVR, aVL, aVF) and six leads are placed on the 
chest [1]. Additionally, the left and right arm, and the 
left leg are used for leads I, II and III, which together 
form Wilson’s central terminal (reference for chest 
leads) [1]. However, ECG can also be recorded using 
6, 5 or 3 leads [1]. Recently, the advancement in 
technology has made it possible to record ECG from 
only 1 lead, either on the chest or on a limb. 
Furthermore, various reputable sources, such as the 
American Heart Association (AHA), recommend that 
a minimum sampling rate of 500 Hz be used for ECG 
data acquisition, but that a sampling rate twice that of 
the theoretical minimum would be ideal, i.e., 
1000 Hz [1-3]. 

ECG is traditionally used in clinical settings, such 
as in the operating room, to monitor the heart rate of 
the patient, or to analyze a patient for various 
cardiovascular diseases or abnormalities. However, 
as technology progresses and as we become more 
and more aware of our health and the proper 
functioning of our body, this important biomedical 
signal is being slowly introduced in our daily life as a 
way of continuously monitoring one of our most 
important organs. New electronics and hardware, 
with their high efficiency and small size, have 
created an opportunity for the design of wearable and 
wireless ECG recording devices and real-time 
monitoring systems. 

Like other biomedical signals, raw ECG signals 
contain various sources of interference. These noise 
interferences are comprised of high and low 
frequencies from the power line, muscle movement, 
breathing, and other near-by electromagnetic sources 
and/or cables [4]. Since in many cases real-time 
monitoring of ECG is important, the ECG needs to 
be filtered and processed in such a way that there is 
nearly no delay between the acquisition and 
representation of the signal. Different processing 
techniques and algorithms have been suggested by 
researchers and used by manufacturers, however, 
when we look into implementing such processing 
techniques in a wearable wireless ECG device, extra 
caution needs to be employed with the algorithm 
design due to processing times and data  
transfer speeds. 

One of the most predominant problems with ECG 
acquisition starts once the subject leaves the resting 
position and starts to move. This marks the time 
when the signal begins to pick up on various 
unwanted artifacts and noise. Adaptive filters are 
able to amend the frequency and impulse response 
based on the input signal and noise. This approach, 
for example, can be used to distinguish between the 
mother and fetus’ ECG [1]. The main input to the 
adaptive filter includes both the signal and noise. The 
noise, e(n), is estimated and removed from the 
primary input using a reference input (in this case 
accelerometer data) [1]. The reference input, r(n), 
should be related to the noise interfering with the 

primary signal. The output, y(n), of the adaptive filter 
can be represented using (1) [1]: 
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where  represents the tapped weights, N is the 
filter order, r(n) is the input, and k is the tap number 
[1]. The weight vectors for this filter can then be 
computed using (2) [1]: 
 

w(n+1) = w(n) + 2µe(n)r(n), (2) 
 

where μ is the convergence parameter and e(n) is the 
error estimation. 

Another way in which ECG data acquisition 
differs is in the choice of electrode. The two most 
common categories of surface electrodes are wet and 
dry electrodes. Wet electrodes, specifically Ag/AgCl, 
are among the most commonly used electrodes for 
bioelectric applications. They certainly have their 
advantages, such as their simplicity, ease of use, low 
weight, and that they are disposable [5]. However, 
they are not without their disadvantages. Electrolytic 
gel should be applied between the skin and the 
electrode in order to improve conductivity. This gel 
could cause allergic reactions or skin irritation [5]. 
These electrodes also have a limited shelf life due to 
dehydration, which affects impedance, generating 
noise [6]. The dehydration issues make these 
electrodes unsuitable for long-term continuous 
measurement [7]. Finally, the spacing between 
electrodes may be so small that the gel may smear 
and lead to short circuiting [8]. On the contrary, dry 
electrodes, generally metal plates, do not encounter 
any of these problems, and are easier to set up, 
however, they have their own drawbacks as well. 
Since there is no secure adhesion between the 
electrode and the skin, they can shift during motion 
[6]. Furthermore, these electrodes have relatively 
large contact impedance with the skin [6, 9]. 

A previous pilot study used two wet Ag/AgCl 
electrodes (3M Red DotTM Monitoring Electrodes, 
and Bio-Protech Telectrodes) and a PS25015A dry 
electrode to simultaneously record ECG signals from 
the chest using one lead for 60 seconds while the 
subjects were seated [10]. The resulting signals were 
then analyzed and compared in order to draw 
conclusions based on their performance. This study 
built on the mentioned pilot study by gathering ECG 
data from the dry wearable ECG system, while the 
subjects were walking. The purpose of this project 
was to process the ECG data in order to remove any 
artifacts and/or distortions caused by physical 
motion, muscle movements, as well as respiration. 
Successful techniques can be used in the future to 
help achieve clean signals from wearable devices 
which are intended for daily monitoring. 

This paper will proceed by looking at previous 
studies which have been done in relation to the 
comparison of dry and wet electrodes, in Section II. 
Section III will move on to outlining the proposed 
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procedure regarding how the study was extended to 
process signals with motion artifacts. The results will 
be presented in Section IV, and finally Section V will 
wrap up with the concluding remarks. 

 
 

2. Previous Studies 
 

A paper by Chi M.Y., et al. [11] compared dry 
electrodes by analyzing the data acquired, as well as 
their performance limits. As mentioned in this paper, 
the circuit designs of electrodes seem to be described 
well in literature; however a detailed comparison 
between electrodes are yet to be found. A standard 
testing procedure that compares noise and errors 
between the electrodes does not exist. 

Furthermore, Gandhi N., et al. [12] compared 
Ag/AgCl wet electrodes to dry and non-contact 
electrodes. The comparisons were made by analyzing 
noise processes, as well as the physiological 
measurements. The non-contact electrodes had a 
higher resistance compared to the conductive 
electrodes. ECG data acquired from various materials 
were all compared to data acquired Ag/AgCl 
electrodes. Simple comparisons were made between 
the graphs, by analyzed different amplitudes, noise 
artifacts and frequency drifts. Results showed that the 
best dry electrodes that can potentially replace wet 
electrode are ones with a PCB finish. Many dry non-
contact electrodes were found to have low frequency 
noise, which restricts their use for clinical purposes. 

Additionally, another study performed by  
Chi M. Y., et al. [13] compared wet and dry 
electrodes for EEG purposes. The electrodes were 
compared using EEG data acquired from 10 subjects 
as they gazed at a target stimulus, and amplitude 
sizes and steady state visual evoked potential 
(SSVEP) were used to compare the signals. The 
signals were compared using PSD values, signal-to-
noise ratios, and cross correlation. The correlation 
between the wet and dry electrodes was nearly 
perfect. However, the correlation between the wet 
and non-contact were lower. However, a lot of the 
comparisons made between electrodes seem to be 
based on just the graphs or a few parameters, such as 
amplitude, SNR, and correlation. Table 1 compares 
the existing techniques used to compare electrodes, 
and shows how this paper further builds on these 
techniques to compare wet and dry electrodes. 

Moreover, the previous studies have been limited 
in the parameters used for comparison. This paper 
builds on a study that proposed an in-depth statistical 
analysis method with numerous parameters to 
compare wet and dry electrode systems. Once a 
comparison of the signals at rest was completed, an 
adaptive filter was implemented to reduce motion 
artifacts seen in signals acquired by a wearable 
acquisition system. 

There have been many studies that test the effect 
of adaptive filtering on noisy ECG signals. However, 
this study applies this signal processing technique to 
a wearable device that is intended to provide 

continuous monitoring, while the user carries on with 
his/her daily activities. 

 
 

Table 1. Comparison of Existing Techniques. 
 

Comparison of Existing Techniques 
Chi M.Y., et al.  Circuit designs 

 Performance limits 
Gandhi N., et al.  Amplitudes 

 Noise artifacts 
 Frequency drifts 

Chi M. Y. et al.  Amplitudes 
 SNR 

Currently Presented 
Method 

In-depth Statistical Analysis:  
 Amplitudes 
 Noise artifacts 
 SNR 
 Cross correlation 
 DC off-set 
 Mean 
 Variance 
 Std deviation 
 Std error 

 
 

A study by Tong D. A., et al. tested the ability of 
adaptive filtering to reduce ECG motion artifacts 
[14]. Their study showed that the adaptive filter did 
indeed reduce noise in the signal. Accelerometer data 
was used as the reference, and it was found that a 
reference signal with 3-axis’ of motion worked better 
than 2-axis’ of motion. 

A similar study performed by Hamilton P. S. and 
Curley M. G. showed that adaptive filtering was able 
to reduce motion artifacts by 12.5 dB [15]. These 
studies both induced motion during acquisition by 
pressing on the electrode or pulling on the electrode 
wires. Not many experiments have focused on 
applying this technique towards a wearable  
ECG device. 

Other studies compared different types of 
adaptive filtering techniques. A study by Chan K. W. 
and Zhang Y. T., for example, compared the variable 
step-size Least Mean Square (LMS) filter to the fixed 
step-size [16]. The varying step-size was found to 
produce better results than the fixed step-size. A 
study by Raya M. D. and Sison L. G. discussed the 
differences between the two most popular types of 
adaptive filtering: LMS and Recursive Least Squares 
(RLS) [17]. The LMS approach is a simple one 
which uses less computational time. All these factors 
were considered when designing an adaptive filter for 
the Plessey system in this study. 
 
 
3. Methods 
 

3.1. Subjects 
 

The comparison method was tested on data 
acquired from the first three authors of this paper, 
which included one 32 year old male, and two 
females, 23 and 22 years old. These subjects were 
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also used to gather data for the reduction of motion 
artifacts. The subjects were healthy and had no 
history of heart conditions. 

 
 

3.2. Experimental Setup 
 
Initial testing was performed on two ECG 

acquisition systems. The systems as well as different 
electrode types were compared by acquiring ECG 
signals from the chest at 1000 Hz. The Plessey ECG 
system was used to acquire dry electrode data, while 
the wet electrode system used was the CleveMed 
BioCapture. The skin was cleaned with alcohol wipes 
before positioning the wet electrodes.  

The dry and wet electrodes can be seen in Fig. 1 
and Fig. 2 respectively. As prescribed in the user 
manuals of the systems, the PS25015A dry 
electrodes, 3M Red DotTM Ag/AgCl electrodes, and 
the Bio-Protech Ag/AgCl Telectrodes were placed 
near the subclavius muscles (3 cm beneath the left 
and right clavicles), as seen in Fig. 3 [18].  

 
 

 
 

Fig. 1. PS25015A Dry Electrodes. 
 
 

 
 

Fig. 2. Wet Ag/AgCl Electrodes: 3MTM Red DotTM 
Monitoring Electrodes (left) and Bio-Protech  

Telectrodes (right) 
 
 

Standard chest electrode positions can also be 
referred to in a paper authored by P. M. Rautaharju, 
et al. [19]. Both elbows were used as ground (not 
shown in Fig. 3).  

Once the electrodes were placed on the body, the 
dry electrodes were fed into the Plessey system, 
which was connected to a computer, and an offset of 
0.1 V was implemented. 

 
 

Fig. 3. Electrode Placement on the Chest  
[adapted from 20]. 

 
 

Snap leads were attached to each of the wet 
electrodes. The snap leads were fed into the input 
channels 1 and 2 and ground on the CleveMed 
Bioradio 150 system. The Bioradio was then 
connected to another computer via a wireless 
receiver. Moreover, data was acquired from both 
systems simultaneously; providing the same input to 
both systems, allowed for the quality and variations 
in the ECG signals to be analyzed.  

In the first part of the study the ECG was 
measured from each subject for 60 seconds, in the 
sitting position, and three trials were performed on 
each subject. In order to compare the differences in 
dry sensor acquisition patterns between rest and 
during motion, the second part of the study consisted 
of recordings with resting ECG for the first 
30 seconds followed by ECG during walking motion. 
The entire recording lasted for 87 seconds per trial. 
An accelerometer was used simultaneously, to gather 
motion data as noise reference to the ECG signal.  
A 3-axial accelerometer was used, to determine 
whether an adaptive filter can effectively reduce 
motion artifacts produced by a wearable ECG 
acquisition system. The data files were then 
converted into CSV files, in order to perform signal 
processing in MATLAB. 

 
 

3.3. Signal Processing 
 
The ECG signals acquired from both systems 

were sampled at 1000 Hz. Furthermore, the raw ECG 
data was filtered using low-pass, high-pass, and 
notch filters. 

First, an 8 th order low-pass Butterworth filter was 
used with a cutoff frequency of 180 Hz. The filter 
was designed based on (3) [1]. 
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where N is the order of the filter, Ωc is the corner 
frequency, Ωp is the pass-band edge frequency, and 
1/(1+ε2) is the band edge value. 
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Next a stop-band filter was used for a notch filter 
at 55-65 Hz, followed by a high-pass FIR filter with 
a cutoff frequency of 0.002 Hz. In order to detect 
heart rate, the R waves were made prominent by 
squaring the entire ECG signal. Peak detection was 
performed using the thresholding technique, similar 
to the R-wave detection performed by H. Kew  
and D. Jeong [21]. A threshold value was used to 
detect the R-wave peak, as seen in a study by  
P. Verdecchia, et al. [22]. 

Statistical analysis was performed on the R-wave 
peak values detected in order to compare the ECG 
signals obtained through the wet and dry electrode 
systems. The parameters computed include mean (4), 
standard deviation (5), variance (6), and standard 
error (7). The signals were also compared by 
computing the signal-to-noise ratios (SNR) and the 
cross-correlation. Cross-correlation (8) was 
performed on the outputs from each electrode to 
evaluate the similarity between the signals by 
obtaining the correlation coefficient  
[1, 23-24].  
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where ̅ is the mean, n is the number of samples and 
x are the data values. 
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where σ is the standard deviation xi are the data 
values and ̅ is the mean of xi. 
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where  is the variance. 
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where SE is the standard error. 
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where r is the correlation coefficient, x(i) and y(i) are 
the two signals, mx and my are their means 
respectively, and d is the delay. 

An adaptive filter was designed in MATLAB and 
tested on the newly acquired data consisting of both 
resting ECG and ECG acquired during motion. 
Accelerometer data was used as noise reference for 
the adaptive filter. 

The Plessey system and the accelerometer 
recorded data at two different frequencies. The 
higher the sampling frequency used for ECG 
acquisition, the better the accuracy [1]. Since the 
built-in sampling frequency of the accelerometer was 
much lower, the accelerometer data was upsampled 
to match the ECG sampling frequency of 1000 Hz. 
Upsampling was necessary in order to have equal 
accelerometer and ECG data vectors. This would 
allow for mathematical operations to be performed 
using the vectors when computing the errors. 

During initial phases of testing, it was evident 
that the magnitude of the accelerometer data was 
much larger than the ECG signal. This resulted in the 
adaptive filter producing an output ECG signal which 
had a larger magnitude than the raw ECG signal. 
Hence, the accelerometer data was scaled down 
500 times to matched the very small magnitude of 
the ECG data. In order to successfully remove 
artifacts from the ECG signals acquired from a dry 
sensor device, the following steps needed to  
be taken: 

• Loading of simultaneous ECG and 
accelerometer data 

• Upsampling of accelerometer data 
• Removal of dropped bits  
• Visualization of frequency spectrum 
• Adaptive filtering 
• Bandpass filtering 

 
 
4. Results 

 
Fig. 4 shows a sample plot illustrating the three 

ECG signals obtained from the three electrodes, 
PS25015A dry electrodes, Bio-Protech Ag/AgCl wet 
electrodes, and 3M Red Dot Ag/AgCl wet electrodes 
respectively. It is evident from Fig. 4 that the dry 
electrode system shows a lower amplitude,  
compared to the wet electrode systems. Both of the 
wet electrode systems show amplitudes of  
approximately 1 mV. 

Thresholding was used to perform R-wave 
detection in order to detect the heart rate, similar to 
the techniques used by H. Kew and D. Jeong [21]. 
The average instant heart rate can be seen in Fig. 5. 

Table 2 compares the processed data acquired 
from the three electrodes. As expected, the two wet 
electrodes showed higher correlation with each other 
than with the dry electrodes. The dry electrodes were 
found to have a negative DC-offset, compared to the 
wet electrodes, and provided the best SNR. Statistical 
analysis was performed on the R-wave peak values 
for each of the three electrodes, similar to analysis 
performed by G. Crifaci, et al. [25]. The 3M Red Dot 
electrodes showed higher mean R-wave peak 
voltages. For example, subject A had a mean R-wave 
peak of about 0.99 mV when measured through the  
3 M Red Dot electrodes and a mean of only 0.39 mV 
when measured through the dry electrodes. 
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Fig. 4. ECG signals acquired from the three electrodes. 
 
 

 
 

Fig. 5. Heart Rate while Breathing. 
 
 

When comparing the standard errors across the 
three electrodes for the different subjects, the results 
seem to vary. Subject A had an error of 0.0011 mV 
for the dry electrode, and errors of 0.003 mV and 
0.0054 mV for the wet electrodes, giving a slight 
difference of 0.0043 mV between the dry and wet 
electrodes, with the dry electrode having the lowest 
error. On the other hand, Subject B had an error of 
0.0045 mV for the dry electrode, and errors of 
0.0019 mV and 0.0017 mV for the wet electrodes, 
resulting in a difference of 0.0028 mV, with the dry 
electrode having the highest error. Similarly, for 
Subject C, there was an error of 0.01 mV for the dry 
electrode, and errors of 0.0072 mV and 0.0055 mV 
for the wet electrodes, resulting in a difference of 
0.0045 mV with the dry electrode once again having 
the highest standard error. In summary, there is no 
suggestion of consistent differences in the standard 
errors between electrodes. 

It is important to note that there were a few 
factors which may have affected the results. 
Although the data was acquired simultaneously from 
the three electrodes, there was an inter-electrode 
distance of 3.0 cm. This may have affected the 
results, as the electrodes were each acquiring ECG 
data from slightly different positions on the chest.  

Table 2. Numerical Analysis. 
 

 PS25015A 3M Red Dot Bio-Protech 
DC-Offset 

(mV) 
-0.2099 0.0205 0.0239 

Corr Coef 
(%) 

PS25015A & 3M Red Dot = 5.05
3M Red Dot & Bio-Protech = 87.6
PS25015A & Bio-Protech = 5.71

SNR (dB) 28.9 19.5 19.3 
Subject A 

Mean (mV) 0.3897 0.9940 0.7050 
Variance 

(mV) 
0.0013 0.0094 0.0364 

Std Dev 
(mV) 

0.0355 0.0925 0.1669 

Std Error 
(mV) 

0.0011 0.0030 0.0054 

Subject B 
Mean (mV) 0.172 0.7952 0.6320 

Variance 
(mV) 

0.0056 0.0066 0.0027 

Std Dev 
(mV) 

0.0697 0.0572 0.0510 

Std Error 
(mV) 

0.0045 0.0019 0.0017 

Subject C 
Mean (mV) 0.0708 0.2490 0.4420 

Variance 
(mV) 

0.0010 0.0124 0.0295 

Std Dev 
(mV) 

0.0322 0.1110 0.1711 

Std Error 
(mV) 

0.0100 0.0072 0.0055 

 
 

The skin was wiped with alcohol before the 
electrodes were positioned; however, there may not 
have been 100 % electrode-to-skin contact.  

Furthermore, the dry electrodes were attached 
firmly onto the subject, but the pressure on the 
electrodes may not have been uniform for the entire 
duration of the experiment because of the elasticity 
of the fastening band. Moreover, two individuals 
were running the two systems on two different 
computers to start data acquisition. Hence, there may 
have been a slight delay in start/stop times during 
acquisition, but this was adjusted in the data analysis 
by aligning the R-waves.  

For future work, the results may be more 
definitive if more subjects are used. Once the 
different sensors were tested, adaptive filtering was 
performed on data acquired from the Plessey system. 
Fig. 6 shows an example of an ECG signal acquired 
from the device. The graph begins with resting ECG 
followed by ECG acquired during walking motion. It 
is evident that the raw data is affected by artifacts 
and distortions. Fig. 7 shows a close up view of the 
signal both at rest and during motion, while Fig. 8 
shows both the accelerometer data and the ECG 
signal on the same chart, after the magnitude of the 
accelerometer data was adjusted.  

Once adaptive filtering was performed, the input 
and output ECG signals were analyzed. Parts of the 
raw ECG signal acquired from the Plessey system 
showed flat horizontal lines during motion. 
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Fig. 6. Raw ECG acquired during rest and walking motion 
 
 

 
 

 
 

Fig. 7. Close up of ECG signal during rest  
and walking motion. 

 
 

 
 

Fig. 8. Comparison of accelerometer data and ECG. 
 
 

These dropped data bits were influenced by the 
accelerometer data which contained zero dropped 
bits. In order to increase the accuracy of the results 
produced by the adaptive filter, the algorithm was 
coded to only take into consideration parts of the 
ECG and relative accelerometer data that contained 
no dropped data bits. 

Although the noise reference and the adaptive 
filter had an effect on the ECG signals, many of the 
large artifacts still remained in the output. Thus, the 

algorithm was further developed to test the effect of 
lowpass and bandpass filters. Once a lowpass filter 
was implemented at a frequency of 10 Hz it was 
evident that a bandpass filter was needed from a 
range of 10 to 15 Hz. A second order bandpass filter 
was designed by implementing a lowpass and 
highpass filter. The difference between implementing 
the bandpass filter before rather than after the 
adaptive filter was negligible. As seen in Fig. 9, there 
is a significant difference before and after the 
adaptive and bandpass filters were implemented. 
ECG peaks can be seen in parts of the signal that 
were superseded by the motion artifacts.  

 
 

 
 

Fig. 9. ECG signal before and after filtering. 
 
 

Hence, adaptive filtering is a valuable technique 
that can be used along with other signal processing 
methods to help clean up signals acquired from new 
wearable devices that aim to measure medical signals 
during activity.  

 
 

5. Conclusions 
 

The results showed fairly high signal-to-noise 
ratios and varying mean and variance ranges for each 
electrode type. However, there were suggestions of 
differences between the electrodes, such as the SNR, 
where the dry electrodes seemed to have a better 
SNR in our subjects, compared to the wet electrodes 
even though they recorded at lower amplitude. 
Although both types of electrodes have their own 
advantages and disadvantages, the determination of 
the most advantageous option is dependent on the 
individual user’s applications and needs. For 
example, if the user desires a higher SNR value, dry 
electrodes should be used. However, if a lower 
standard error is desired, then wet electrodes should 
be used. The advantage of this approach consists of 
clearly defined pros and cons for each system so that 
the user can make a more informed decision. The 
LMS adaptive filtering technique, used with a 3-axial 
accelerometer noise reference, significantly reduced 
motion artifacts in the signals acquired from the 
Plessey system. For future work, these values can be 
compared to a wider range of dry and wet electrodes 
and ECG acquisition systems, and can be tested on a 
larger population for more accurate results. The 
adaptive filtering can also be tested while subjects 
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perform other daily activities. It can be tested in 
addition to other signal processing techniques, to see 
if cleaner results can be obtained from wearable 
medical devices. Most importantly, the methods 
discussed in this paper can be used as a platform for 
the comparison of electrodes and the evaluation of 
signal processing techniques for wearable ECG 
devices. 
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Abstract: Current healthcare mobile monitoring solutions do not offer the ability to autonomously recognize 
cardiac arrhythmias. The proposed electrocardiogram detection and classification software is designed to run on 
a mobile cardiovascular disease detection sensor suite alleviating the need for human interpretation. The 
electrocardiogram is filtered using the Wavelet Transform; the principally important wave points detected using 
a modified version of the Pan Tompkins rule set and the cardiac rhythm is classified using an N-ary tree. 
Implemented on a custom designed printed circuit board, testing results show autonomous classifications are 
possible using a three lead electrocardiogram system while the patient is at rest. The proposed solution serves as 
a stepping stone towards a fully reliable patient disease management teaching tool with the potential to serve as 
an aid to the cardiovascular healthcare industry. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

According to the Centers for Disease Control and 
Prevention (CDC) Division of Vital Statistics, 
24.2 % of total deaths in 2010 were directly related 
to heart diseases [1]. Preliminary 2011 data shows 
this lethal disease continues to be the number one 
leading cause of death for 596,339 Americans [2]. 

Studies have shown as heart failure (HF) 
symptom severity increased, patient symptom 
uncertainty levels decreased [3] correlating with 
previous studies suggesting HF patients delay 
seeking timely treatment for symptoms [4]. 
Dedicated nurse staffed care facilities have helped 

decrease levels of patient symptom uncertainty [5], 
but a real-time mobile monitoring and motivational 
solution is desired [6]. 

Advancements in science and technology have 
made it feasible to continuously shrink signal 
processing systems aiding in the development of 
wearable biometric monitoring equipment and 
replacing systems that rendered the user with limited 
mobility. Mobile monitoring systems [7-11] are not 
new, but systems that monitor and interact with users 
in ways that improve health management are 
evolving [6, 12]. 

The Electrocardiogram (ECG) subsystem is 
described as an important part of the overall cardiac 
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wellness system’s ability to aid patients in learning to 
recognize disease specific symptoms and understand 
the effect on their health [12]. The purpose of this 
paper is to describe the development of a mobile 
cardiovascular disease detection sensor that 
combines wavelet transformation filtering processes 
with a modified version of the Pan Tompkins 
detection rule set and using an N-ary tree for 
classification of ECG arrhythmias. Research using 
these three methods has been performed before  
[13-21], but nothing combining all three methods 
applied to ECG arrhythmia detection and 
classification in support of a mobile cardiovascular 
disease detection aid has been [22]. 

In Section 2, this paper will discuss ECG raw 
data collection, waveform extraction, waveform 
classification and describe the testing process the 
system underwent. Section 3 will discuss the testing 
results. A conclusion and recommendation for future 
work will be presented in Section 4. 

 
 

2. Materials and Methods 
 
The ECG subsystem can be broken down into 

three serial processes (see Fig. 1); collection, 
extraction, and classification. Each process feeds into 
the next resulting in a heart health classification. 
Each process is briefly described below. 
 
 

 
 

Fig. 1. ECG subsystem process representation. 
 
 
2.1. ECG Raw Data Collection 

 
An ECG is the measured electrical activity 

representing the heart’s conduction system typically 
recorded on a 1 by 1 millimetre (mm) gridded paper 
representing 40 milliseconds (ms) by 0.1 millivolts 
(mV). This paper’s ECG sensor was designed using a 
three lead chest only concept since abnormalities of 
interest are detected using 3 leads. Abnormalities of 
interest include normal sinus rhythm, atrial 
arrhythmias (bradycardia, tachycardia, flutter), 
conduction abnormalities (1st degree AV block,  
2nd degree AV block, 3rd degree AV block), and 
ventricular abnormalities (premature complex, 
tachycardia, fibrillation). 

The differential voltage between two silver 
chloride (AgCl) electrodes placed on the right and 
left side of the chest is measured with reference to 
body ground, amplified by a gain of 1000, and fed to 
an analogue to digital converter (ADC) on board an 
Atmel 32-bit UC3 microcontroller (MCU). The 
Atmel UC3 MCU uses a 12-bit analogue comparator 
sampling the ECG at 250 Hz with a reference at 
60 % of the supply voltage. Sampling at 250 Hz, 
creates 1 sample every 0.004 seconds. Using a 12-bit 

ADC with an analogue circuit gain of 1000 creates 
100 ADC units for every 1 mm or 0.1 mV of ECG 
signal strength prior to amplification. 

 
 

2.2. ECG Waveform Extraction 
 
An ECG waveform is described by its principally 

important points (PIPs) (see Fig. 2). In basic terms, 
the PIPs are the onset, offset, and peak height of the 
P wave, T wave, U wave and QRS complex. In total 
there are twelve PIPs. From these PIPs an ECG’s P 
wave, T wave, U wave, QRS complex, PR Interval, 
Atrial Rate, Ventricular Rate, and Rhythm can be 
calculated. With the PIPs known an ECG waveform 
can begin to be classified. 

 
 

 
 

Fig. 2. ECG Waveform showing principally important 
points with widths calculated in seconds and heights 

calculated in millimetres. 
 
 

To extract the PIPs, the ECG signal is passed 
through a bank of filters equivalent to the Dyadic 
Quadratic Spline Wavelet Transform focusing on the 
time frequency analysis of the signal. Using the 
dyadic wavelet allows for faster computations on an 
ECG signal to extract characteristic points by 
distinguishing between the sharp variations translated 
into local maxima and minima on different  
filter scales. 

The wavelet transform (WT) equivalent filter 
described by Li [16] was derived using the work of 
Mallat [23]. Li derived the WT as a series of high-
pass and low-pass filters, used to deduce the 
equivalent filter as an antisymmetric FIR digital filter 
with generalized linear phase described in  
Equation (1).  
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where Qj(ω) is the Wavelet Transform at scale j, 
G(ω) is the high pass filter, and H(ω) is the low  
pass filter. 

To sync the output of the filters and avoid busy 
wait loops, an individual delay was added to each 
filter through the use of the translation property of 
the Fourier Transform. This caused an overall unified 
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filter bank delay of 62 milliseconds with respect to 
the sampled ECG. 

The Wavelet Transform equivalent filter has the 
ability to separate the different characteristic points 
of an ECG onto various scales, allowing use of 
individual filter outputs to find each waveform’s 
peak, onset and offset.  

The amplitude-frequency response of the WT 
filters (see Fig. 3) shows the first five filters in the 
bank, used to cover the frequency spectrum of an 
ECG signal sampled at 250 Hz. 

 
 

 
 

Fig. 3. WT filter bank amplitude frequency response. 
 
 
To find the QRS complex, originally all five 

filters were used as discussed by Bahoura [17]. 
Preliminary testing indicated that filters Q1 through 
Q3 are the minimum needed. A QRS complex peak is 
found by locating the zero crossing of a set of 
modulus maximum peaks with different polarities on 
the output of the first three filters simultaneously  
[18-20] shown in Fig. 4. 

Once a possible QRS peak is found, all other 
QRS detections are ignored for a period of 
200 milliseconds. An autonomous thresholding 
technique [24] is employed to find the local minima 
and maxima peaks on each filter output, allowing the 
detection algorithm to adjust to a patient’s ECG 
signal strength each time a new QRS complex is 
found. The idea behind the technique was to capture 
as much of the possible QRS complexes without low 
noise with the first threshold and then apply a second 
threshold to capture missing lower amplitude QRS 
complexes due to the initialization process. If no 
QRS complex is found within a 4 second interval, the 
thresholds are reset [24]. 

After the QRS peak is found, filter Q2 is used to 
find the onset and offset pair using the location of the 
local minima onset and maxima offset respectively. 

From preliminary testing using the MIT-BIH 
databases [25], it was noticed the Q and S waves 
periodically appear on the filter Q2 output, so the 
onset was shifted to the beginning of a second 
modulus peak found immediately before the first 

with opposite polarity and the same with the offset, 
looking at the end of a second modulus peak found 
immediately after the original offset. Once the QRS 
complex onset, offset, peak and peak polarity data 
points are found (see Fig. 5), these QRS PIPs are 
passed to a post-detection scheme to aid in blip type 
and prepare for the classification stage. 

 
 

 
 

Fig. 4. Record 16773 from the MIT-BIH Normal Sinus 
Rhythm Database filtered on Wavelet Transform filters Q1 
through Q3. Solid red lines indicate threshold 1 setting and 
dashed red lines indicate threshold 2. Red circles on each 
filter output indicate local set of modulus maximum peaks 
on filter outputs. Red asterisks are zero crossings on the 
filter outputs that indicate the QRS complex peak. 

 
 

 
 

Fig. 5. Record 16773 from the MIT-BIH Normal Sinus 
Rhythm Database with filter Q2 output. Red asterisk 
indicates location of QRS peak. Green filled circles 
indicate locations of QRS onset and offset. 

 
 

Current methods to find P, T, and U waves 
require first locating the QRS complex and then 
traversing the ECG signal forwards and backwards in 
time. The problem with this solution is it’s not real-
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time and does not take into consideration arrhythmias 
that do not always include a QRS complex for each P 
and T wave in the ECG, such as Atrial Fibrillation.  

Instead, ‘blips’ which are possible P, T, U waves 
or just noise, are detected and then categorized in the 
post-detection scheme. This allows QRS complexes 
and P, T, U waves to be detected in parallel similar to 
Bahoura [17]. Preliminary testing proved Q3 through 
Q5 are the only filters required to find blip waves. A 
blip peak is found by locating the zero crossing of a 
set of modulus maximum peaks with different 
polarities on the output of either Q3 and Q4 or Q4 and 
Q5 filters, but not necessarily all three filters 
simultaneously (see Fig. 6).  

 
 

 
 

Fig. 6. Record 16773 from the MIT-BIH Normal Sinus 
Rhythm Database filtered on Wavelet Transform filters Q3 
through Q5. Solid red lines indicate threshold 3 setting and 
dashed red lines indicate threshold 4. Red circles on each 
filter output indicate local set of modulus maximum peaks 
on filter outputs. Red asterisks are zero crossings on the 
filter outputs that indicate the Blip peak. 

 
 

Once a possible blip peak is found, the location is 
saved for 100 ms before reporting to ensure the blip 
wave is valid and not a QRS complex or noise. If the 
blip wave is found to be a QRS complex, the 
information for the wave is transferred to the QRS 
complex detection to be categorized as such. Again, a 
thresholding technique is used to find the local 
minima and maxima peaks on each filter output, 
except lower than the thresholds used by the QRS. 
The thresholds adjust to P/T wave amplitudes based 
upon a pre-calculated ratio between P/T waves and 
QRS complexes and are re-adjusted every time a new 
QRS complex is detected.  

After the blip peak is found, filter Q4 is used to 
find the onset and offset simply because a blip wave 
will always show on filter Q4. The onset/offset pair is 
found using the location of the local minima onset 

and maxima offset respectively on filter Q4 (see  
Fig. 7) similar to QRS onset/offset detection.  

 
 

 
 

Fig. 7. Record 16773 from the MIT-BIH Normal Sinus 
Rhythm Database with filter Q4 output. Red asterisk 
indicates location of Blip peak. Black filled circles indicate 
locations of Blip onset and offset. 

 
 
In post-detection, a detected blip is run through a 

set of test and checks to verify its validity based upon 
the last detected blip and QRS complex before it is 
categorized as a P, T, or U wave. 

This nine point rule set for the test and check is 
used to construct a finite state machine running on 
the MCU. 

1. Upon start-up, if a blip is detected first, then it 
is immediately categorized as a P wave and saved in 
the ‘ekgWaveHistory’ buffer. 

2. Upon start-up, if a QRS complex is detected 
first, then it is immediately saved in the 
‘ekgWaveHistory’ buffer. 

3. A detected blip is invalid and discarded if its 
onset and/or offset overlap that of the previously 
detected blip or QRS complex. 

4. A detected valid blip is a T wave if its peak is 
located within 50-75 % of the current ventricular 
heart rate from the offset of the last detected QRS 
complex and if no other T wave has been detected as 
of that moment. 

5. A detected valid blip is a U wave if its peak is 
located within 50-75 % of the current ventricular 
heart rate from the offset of the last detected QRS 
complex, if a T wave has already been detected, and 
no other U wave has been detected as of that 
moment. 

6. A detected valid blip is a P wave if its peak is 
located outside 50-75 % of the current ventricular 
heart rate from the offset of the last detected QRS 
complex or if within that time frame, then it will be a 
P wave if a T wave and U wave has already been 
found. 

7. A detected QRS complex is always  
considered valid. 

8. A detected QRS complex can invalidate the 
last detected blip if that blip overlaps the QRS 
complex in any way. 
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9. A detected QRS complex can re-categorize a 
detected P, T, U wave as a T wave that came after the 
newly detected QRS complex if the last detected blip 
does not overlap the QRS complex AND comes after 
the newly detected QRS complex. 

In the example figures thus far, the blip wave in 
Fig. 7 was detected by the algorithm prior to the QRS 
complex in Fig. 5 and was categorized as a P wave 
according to rule 6. However, once the QRS complex 
in Fig. 5 was detected by the algorithm, the previous 
blip wave in Fig. 7 was re-categorized as a T wave 
after the detected QRS complex using rule 9 of the 
post-detection rule set. 

Upon type validation, each wave is saved in an 
ECG buffer by its type, onset, offset, peak and 
polarity. When the buffer contains one QRS or two P 
waves, the saved waveform is sent to classification 
the next time a third valid P wave is detected or after 
a second QRS complex has arrived (see Fig. 8). 

 
 

 
 

Fig. 8. Record 16773 from MIT-BIH Normal Sinus 
Rhythm Database tagged with principally important points 
from ECG buffer in post-detection. From left to right, red 
asterisks indicate peak locations of QRS complex, T wave, 
and P wave. Green filled in circles indicate QRS complex 
onset and offset locations, magenta for T wave, and blue 
for P wave.  

 
 
The maximum QRS complex detection delay is 

462 ms before a QRS complex is detected to when it 
happened and similarly is 362 ms for a P/T wave 
detection. This corresponds to 129 beats per minute 
(bpm) and 165 bpm for a QRS complex detection 
and P/T wave detection respectively before a lag is 
seen after each wave occurs. These delays can be 
attributed to a standard 62 ms filter delay, 200 ms 
QRS blanking window, 100 ms blip blanking 
window, and a 200 ms future value  
collection window. 

 
 

2.3. ECG Waveform Classification 
 

Classification is done similar to how a physician 
classifies an ECG. First the rates are examined, 

followed by the rhythm, intervals and wave 
morphology. When a new waveform is detected it’s 
appended to the end of a three waveform historic 
buffer, shown in Fig. 9. 

 
 

 
 

Fig. 9. Historic ECG buffer. 
 
 
The ECG rates are calculated by measuring the 

lapsed time between each QRS (ventricular) or P 
(atrial) wave in milliseconds and then dividing that 
number into sixty thousand milliseconds or 
equivalently 1 minute to obtain a value in beats per 
minute (bpm). 

The waveform buffer passes through each branch 
of an N-ary tree (see Fig. 10), first eliminating all 
rhythms that do not correlate. The tree uses cardiac 
rhythms and classifications along with normal ECG 
characteristics from best evidence practice literature 
to determine a waveform’s classification. 

If there is at least one P wave in the buffer and all 
available P waves are upright (see Fig. 10,  
branch 00000), then the waveform falls into a Sinus 
Rhythm, Atrial Arrhythmia, Conduction 
Abnormality, Premature Ventricular Complex 
(PVC), or Asystole. In this group for a waveform to 
be considered NSR it must have is a 1:1 P wave QRS 
complex ratio with normal morphology, PR interval, 
and ventricular rate. 

If there is at least one P wave in the buffer, all 
available P waves have a negative polarity, are 
followed by a normal QRS complex with a short PR 
interval, and all available T waves have normal 
morphology (see Fig. 10, branch 00001), then the 
waveform could either be Supraventricular 
Tachycardia (SVT) or a Junctional Rhythm. In this 
case, the ventricular rate would be used to 
differentiate between the two. 

If there are no P waves available in the buffer 
(see Fig. 10, branch 00010), then the waveform could 
be classified as a Ventricular Arrhythmia, Atrial 
Fibrillation, or SVT. In this group, the morphology 
of the QRS complex and ventricular rate are used to 
determine which arrhythmia is present. 

By default, if the waveform is unclassifiable, then 
it is most likely abnormal or if an underlying sinus 
rhythm is present, but the waveform cannot be 
classified in the given tree, it is classified as an 
Abnormal Sinus Rhythm. 
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Fig. 10. Classification N-ary tree. 
 
 
The delay between when the heart beats and 

when that beat waveform is classified by the ECG 
subsystem is equivalent to one heartbeat. The way 
the N-ary tree is built takes into account the length of 
the history buffer in which the algorithm analyses an 
entire ECG waveform three beats in length at a time 
(see Fig. 11). Therefore an NSR classification will 
only occur when there are three normal heart beats in 
a row. 

 
 

 
 

Fig. 11. Example of the principally important points from 
record 16773 of the MIT-BIH Normal Sinus Rhythm 
Database encompassed in the historic buffer of the 
classification stage. The classification for this waveform 
occurs after a fourth QRS complex is detected, depicted by 
the circled NSR. 

 
 
Upon entering the classification stage, the 

waveform from Fig. 8 is appended to the historic 
ECG buffer to create Fig. 11. The historic waveforms 
in question are then assessed as a whole through the 
N-ary tree using the extracted PIPs. To assess the 
rhythm, the P waves are examined for polarity and P 

wave to QRS complex ratio. Each of the P waves in 
Fig. 11 are upright (Fig. 10, branch 00000) and the 
ratio of P waves to QRS complexes are 1:1 (Fig. 10, 
branch 00011) denoting an underlying Sinus 
Rhythm. The wave morphology is then compared to 
textbook normal values, e.g. a normal QRS complex 
width is 0.06 to 0.12 seconds long while a normal P 
wave height no larger than 0.4 mV. The example in 
Fig. 11 has all normal wave measurements (Fig. 10, 
branch 01001). All that is left is to measure the PR 
interval and ventricular heart rate. The PR interval is 
measured from the onset of the P wave to the onset 
of the QRS complex and the ventricular heart rate is 
the time elapsed between successive R wave peaks of 
the QRS complex. The PR interval and ventricular 
heart rate fall within normal values (Fig. 10, branch 
10101) in Fig. 11 and the ECG is classified as a 
Normal Sinus Rhythm or NSR. 

 
 

2.4. ECG Sensor System Testing 
 

Testing took place in two stages, the first known 
canned events followed by live system testing. For 
the known canned events, ECG signals from the 
MIT-BIH Arrhythmia and Normal Sinus Rhythm 
databases [25] were resampled at a frequency of 250 
hertz and fed through the algorithm. The results were 
recorded, reconstructed and analyzed  
using MATLAB. 

Only ten minutes of each ECG was used starting 
at 20 seconds into the signal with results categorized 
into five areas, positive abnormal classification (PC), 
positive unknown classification (PU), positive 
normal classification (PN), negative or missed 
abnormal classifications (NC), and negative or 
missed normal classifications (NU). The 
classifications were cross checked with the 
annotations included with each signal. If the 
abnormal annotation matched the abnormal 
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classification, then the result was categorized as a 
positive abnormal classification. If they didn’t match, 
but the abnormality was not looked for and the 
classification wasn’t normal, then the result was a 
positive unknown classification. If neither case, then 
the result was a negative abnormal classification. In 
the normal case if the annotation and classification 
agreed on normal, then the result was a positive 
normal classification. If the annotation said normal 
and the classification said anything other than 
normal, then the result was a negative  
normal classification. 

The ECG records picked from the MIT-BIH 
Arrhythmia database reflected the classifications the 
software was attempting to identify. With the 
exception of records 100, 101, and 222, each record 
contained PVCs mixed in with various other 
arrhythmias and normal sinus rhythms. Arrhythmias 
included Atrial Premature beats, Bundle Branch 
Blocks, Junctional Premature Beats, Ventricular 
Tachycardia, Ventricular Flutter, Atrial Fibrillation, 
Atrial Flutter, and Second Degree Blocks. How well 
the algorithms could classify normal sinus rhythms 
mixed with abnormalities and Paced Beats was  
of interest. 

In general, the algorithm was able to distinguish 
between a normal ECG and an arrhythmia (see 
Fig. 12). An analysis of the results showed not one 
arrhythmia classified as normal, though some were 
classified as unknown abnormal. Normal 
classification results shows room for improvement. 
Majority if not all of the reasons why a given normal 
rhythm was not classified as such are due to invalid P 
and T wave detections and increased heart rate  
from movement.  

 
 

 
 

Fig. 12. Known canned event testing results. Records 
1xx and 2xx are from the MIT-BIH Arrhythmia database. 

Records 16xxx are from the MIT-BIH Normal Sinus 
Rhythm database. 

 
 

The results from known canned events testing 
were collected and analyzed and are depicted in 
Fig. 12. To verify the accuracy of the normal sinus 
rhythm, records from the MIT-BIH Normal Sinus 

Rhythm database were also run (see Fig. 12). Each of 
those signals mixed with additional noise originating 
from movement such as running or jogging. 

For live system testing and implementation, the 
ECG algorithms were compiled using the Atmel 
Studio IDE and uploaded to a custom designed 
printed circuit board (see Fig. 13), running an Atmel 
32-bit UC3 microcontroller. 

 
 

 
 

Fig. 13. ECG subsystem printed circuit board. 
 
 
The crucial point of live testing was to ensure the 

ECG signal collected by the algorithm was the same 
signal measured and not skewed by the algorithm run 
time. Using a 2 channel oscilloscope, measurements 
were initiated during system initialization, when a 
classification is not found and when a classification 
is found using a 16 MHz clock source for the MCU. 
The relative accuracy of the classification process 
was also studied using a healthy normal ECG by 
illuminating a series of LEDs corresponding to 
various classifications. 

 
 

3. Testing Results and Discussion 
 

In some instances, a normal ECG was classified 
as PVC or could not be identified. This was mainly 
due to high frequency noise such as in records 
108 and 222 or falsely identified and/or unidentified 
P waves due to wave morphology and P wave 
proximity to QRS complexes such as in record 222. 
In other instances a normal ECG would be classified 
as an Abnormal Sinus Rhythm or Sinus Tachycardia. 
An Abnormal Sinus Rhythm came about because 
wave morphology did not fit textbook normal such as 
in records 100, 101, 103, 106, 223, 16265, 16272 and 
16773. Altering the default normal setting in the 
algorithm would fit this very well. Sinus Tachycardia 
came about because of an altered heart rate with 
normal morphology. In a doctor’s office, if the 
patient was running, this would be considered 
normal, which was the case with records 16265  
and 16773. 

PVCs in records 106 and 109 were classified as 
Unknown Arrhythmias because of incorrect QRS 
polarity detections. In the case of records 109 and 
219, PVCs were classified as Unknown Arrhythmias 
because P waves and underlying sinus rhythm was 
not detected, both required for a PVC classification. 
In record 124, the QRS complexes were too wide for 



Sensors & Transducers, Vol. 184, Issue 1, January 2015, pp. 92-100 

 99

this algorithm to be able to detect them and classify 
the waveform as PVC, but instead classified it as an 
Unknown Arrhythmia. 

The fibrillatory waves’ amplitude was too low to 
detect an atrial rate in records 219 and 222 in order to 
classify them as Atrial Fibrillation. In record 222, the 
P waves were back to back causing incorrect polarity 
detections to classify the record as Atrial Flutter. 

While testing a live healthy and normal ECG 
signal, the classification was normal for the majority 
of the test while the user was at rest. The algorithm 
proved to be resilient to small amounts of movement 
and noise, but failed as expected when the user began 
to jog calling for a need to suppress invalid 
classifications with the addition of an accelerometer 
and front end smoothing filter. 

The oscilloscope reading from the live testing can 
be seen in Fig. 14. The top ECG signal matched 
perfectly to the bottom ECG signal resulting in a 
conclusion the detection and classification algorithm 
completes in 4 ms before another ADC sample must 
be taken. To be more precise, the algorithm can run 6 
additional times on a 16 MHz crystal before the next 
sample is taken. Algorithm initialization takes 
approximately 100 µs to complete. The algorithm 
detection and classification stages last at most 550 µs 
total when PIPs are detected and a classification is 
made in the same cycle. A PIPs detection stage takes 
at most 210 µs to complete when there are no 
classifications to be made. 

 
 

 
 

Fig. 14. ECG measured on an oscilloscope. ECG signal 
pre- (top) and post- analog to digital converter through on 

board digital to analog converter (bottom). 
 
 

4. Conclusion and Future Work 
 
Overall a new method of autonomously 

measuring, detecting, and classifying ECG 
arrhythmias for use in a mobile cardiovascular 
disease detection sensor system was introduced 
through combining the Wavelet Transform filtering 
method with a modified Pan Tompkins detection 
method and classifying with an N-ary Tree. The main 

algorithm modifications needed to continue this work 
would be in the P and T wave detection method and 
adding an algorithm training method to learn a user’s 
normal sinus rhythm wave morphology. 

The training system would include the same 
detection scheme used throughout the system, but 
instead of classifying detected sequences, would 
examine the frequency of the morphology of each P 
wave, PR interval and QRS complex to determine a 
proper normal setting within the classification 
system. Training would be done in the presence of a 
professional to ensure that a normal ECG is actually 
occurring rather than an abnormal ECG. 

The ECG subsystem would also benefit from a 
user movement indicator to inform the algorithm that 
the user is engaged in activity that raises the 
ventricular heart rate. This battles false classifications 
of Sinus Tachycardia during a Normal Sinus 
Rhythm. Movement artifact removal would also be 
taken care of outside the subsystem by the main 
monitoring system using motion sensors for scaling. 
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Abstract: Low frequency noise performance is the key indicator in determining the signal to noise ratio of a 
capacitively coupled sensor when used to acquire electroencephalogram signals. For this reason, a prototype 
Electric Potential Sensor device based on an auto-zero operational amplifier has been developed and evaluated. 
The absence of 1/f noise in these devices makes them ideal for use with signal frequencies ~10 Hz or less. The 
active electrodes are designed to be physically and electrically robust and chemically and biochemically inert. 
They are electrically insulated (anodized) and have diameters of 12 mm or 18 mm. In both cases, the sensors are 
housed in inert stainless steel machined housings with the electronics fabricated in surface mount components 
on a printed circuit board compatible with epoxy potting compounds. Potted sensors are designed to be 
immersed in alcohol for sterilization purposes. A comparative study was conducted with a commercial wet gel 
electrode system. These studies comprised measurements of both free running electroencephalogram and Event 
Related Potentials. Quality of the recorded electroencephalogram was assessed using three methods of 
inspection of raw signal, comparing signal to noise ratios, and Event Related Potentials noise analysis. A strictly 
comparable signal to noise ratio was observed and the overall conclusion from these comparative studies is that 
the noise performance of the new sensor is appropriate. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Sensors, EEG, Biosensors, Assistive technology, Electrical Potential Sensor. 
 
 
 
1. Introduction 

 

The traditional methods employed for the 
acquisition of electroencephalogram (EEG) signals 
rely on the use of wet silver/silver chloride 
(Ag/AgCl) transducing electrodes. These convert 
ionic current on the surface of the body to electronic 
current for amplification and subsequent signal 
processing. Such electrodes are cheap and disposable 

but require the use of a conducting gel between the 
electrode and the skin, since they rely on maintaining 
a low electrical resistance contact [1]. Operationally 
significant care is required in the preparation of the 
skin, usually involving abrasion, by skilled personnel. 
In addition, the gel may cause skin irritation and 
discomfort as well as drying out after a period of 
time, meaning that wet electrodes are unsuited to 
long term monitoring applications [2]. The gel may 

http://www.sensorsportal.com/HTML/DIGEST/P_2591.htm
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also be responsible for cross coupling or shorting 
between electrodes in an array if great care is not 
taken during placement. Dry conducting electrodes 
provide a more user-friendly approach with 
electrodes making only resistive contact with the 
skin [3]. This overcomes the problems caused by the 
wet electrode gel, but introduces an additional 
variable, namely the variation in contact resistance 
due to perspiration, skin creams, or other individual 
differences in physiology. For these reasons, they 
tend to be noisier than wet electrodes. Dry electrodes 
can also suffer more from movement artefacts if they 
are not securely fastened. 

An alternative approach is to dispense with the 
resistive contact and couple capacitively through an 
insulating layer [4]. With this method the signal 
fidelity no longer relies on skin resistance, however 
they can also suffer from movement artefacts and 
charge sensitivity. In most embodiments of dry and 
insulated electrodes an active electrode structure is 
used with high impedance amplification [4-5]. This 
minimizes the noise due to cabling and transmission 
of the signal. Electric Potential Sensor (EPS) is a 
high performance version of the insulated  
active sensor. 

With specific reference to EEG signal acquisition, 
evidence exists that smaller, lighter sensors with a 
higher array density are required in order to reduce 
movement artefacts and to allow for redundancy [6]. 
A comprehensive review of wet, dry and insulating 
electrode technologies concludes that insulated active 
electrodes offer the most promising solution for 
future healthcare applications [1]. More recent work 
on dry electrodes has included a trial of a 6 sensor 
EEG system [7] and concludes that this could offer a 
cost effective solution for brain-computer interfacing. 
A clinical comparison of concurrent measurements 
with wet and dry EEG electrodes concludes that a 
high degree of correlation is seen and that dry 
electrodes offer better long-term performance [8]. 
New work on motion artefact reduction relies on the 
simultaneous measurement of the contact impedance 
of each sensor [9] using a small a.c. current  
(20 nA @ 1 kHz) and multiple dry spring loaded 
contacts in each sensor to introduce redundancy. 
Other workers have designed quasi-dry polymer 
electrodes which use a small quantity of moisturizing 
agent to address these problems [10].  

In summary, EPS technology has already 
demonstrated that problems such as offset potentials, 
signal drift, ease of usability, and invasiveness can be 
addressed for electrocardiogram (ECG) data 
acquisition where the inherent DC stability and short 
settling time of the sensors differentiate them from 
other insulated electrode implementations [11]. 
However, the low frequency noise performance 
required for accurate EEG data acquisition is 
considerably more stringent and it is this important 
parameter which will be addressed in this paper. A 
review of sensor developments for healthcare [11] 
discusses the low frequency noise performance of a 
number of active sensors and characterizes them in 

terms of the noise spectral density at 1 Hz. This is a 
useful indicator of the performance for EEG use and 
gives values ranging from 2 µV/√Hz to 10 µV/√Hz, 
however these values will increase at lower 
frequencies due to 1/f noise.  

The aim of the present paper is to examine 
whether the signal-to-noise performance of the EPS 
system is comparable to – or better than – that of a 
conventional electrode system, specifically in the  
0.1-10 Hz bandwidth. 

The design and specifications of the EPS sensor 
used in these experiments are described in Section 2, 
along with details of the commercial system used for 
comparing EPS with gel electrodes. In Section 3 the 
EPS results for free running (spontaneous) EEG are 
described, followed by data for two event-related 
potential (ERP) studies in Section 4. The second ERP 
experiment outlines a comparative study conducted 
between the two systems. Section 5 discusses three 
methods for quantifying noise of an EEG recording 
device, relevant to our EPS system. 

 
 

2. Prototype Sensor and Systems 
 

The prototype Sussex EPS device for this project 
is based on an auto-zero operational amplifier, 
chosen to give the lowest possible low frequency 
noise [12]. The absence of 1/f noise in these devices 
makes them ideal for use with signal frequencies 
~10 Hz or less, with a quoted noise performance  
of 22 nV/√Hz and 5 fA/√Hz. The input capacitance  
is ~8 pF with an associated voltage noise  
between 0.1-10 Hz of 0.5 µVp-p. After consideration 
of the expected signal amplitudes and frequency the 
sensor was configured to have an operational 
bandwidth of 0.1 Hz to 78 Hz and a voltage gain of 
x50. The voltage gain was distributed between two 
stages with ×5 and ×10 respectively for the first and 
second stages. The operation and circuit details of 
EPS devices have been published previously by the 
authors [13]. Here, the sensors are operated from split 
symmetric power supply rails of ±2.5 V. Two 
versions were produced with different electrode sizes 
to enable reliable contact to be made to different parts 
of the body. The electrodes are electrically insulated 
through an anodized electrode with diameters of 
either 12 mm or 18 mm. In both cases the sensors 
were housed in inert stainless steel machined 
housings with the electronics fabricated in surface 
mount on a printed circuit board (PCB) compatible 
with epoxy potting compounds. Potted sensors are 
designed to be immersed in alcohol for  
sterilization purposes. 

The gain and operational bandwidth of the 
sensors was confirmed using a standard spectrum 
analyzer to be as specified. The most significant 
parameter for the specification of the sensor in this 
particular application is the voltage noise referred to 
the input. This was measured by placing the sensor in 
a screened environment and recording the spectral 
noise density over a 1 kHz bandwidth. From this 
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data, shown in Fig. 1, two numbers are produced to 
characterize the noise performance: the spot noise 
figure at 1 Hz and the integrated noise from 0.1 Hz to 
10 Hz. The results obtained for the voltage noise 
measurements are: 30 nV/√Hz at 1 Hz and 0.2 µVp-p 

from 0.1 to 10 Hz; consistent with the data provided 
by the manufacturer. The absence of 1/f noise in this 
data confirms that the auto-zero amplifier used in this 
design is performing as expected.  

 
 

 
 

Fig. 1. Noise spectral density plot for prototype auto-zero sensor in comparison with a JFET input stage amplifier. The blue 
trace represents the prototype sensor. A lack of typical 1/f operational amplifier noise can be observed. Although the red 
trace has lower noise for frequencies higher than 20 Hz, the prototype sensor has lower noise in 1 to 10 Hz region (which is 
where the signal of interest lays). The voltage noise referred to input is measured as 30 nV/√Hz at 1 Hz. 

 
 

In order to confirm, at an early stage in the design 
process, that the sensor design was both suitable for 
high quality EEG signal acquisition and that it was 
compatible with commercial systems and practice we 
interfaced the sensors to a TMS International (TMSi) 
system currently in use in the School of Psychology 
at Sussex. This also enabled us to perform direct 
comparisons with wet gel electrode measurements. 
The prototype sensors were interfaced to a Refa8 
amplifier produced by TMS International [14] with 
64 EEG channels at 24 bit resolution with an input 
noise of 1 µVrms. All electrode cables have active 
shielding to reduce 50 Hz mains interference and 
cable movement artefacts. In the comparative data 
presented here the TMS International acquisition 
system and data processing were applied to both sets 
of data. 

In order to provide a comprehensive comparison 
between the Sussex EPS prototype and the 
commercial system two different types of EEG data 
were measured. First we recorded free running EEG 
focusing on the (well known) 'alpha blocking' signal. 

The second type of EEG data recorded were 
event related potentials (ERPs). Two experiments 
were run to elicit ERPs: The first was a simple visual 
“oddball paradigm” [15], and the second a simple 
visual face perception [16].  

In the case of both the EPS and commercial EEG 
systems, reference electrodes/sensors were placed on 
left and right mastoid positions. Other 
sensors/electrodes were placed at scalp positions 
dictated by the specific experimental paradigm, 
according to the International Standard 10-20 
electrode location system [17]: left and right occipital 
(O1 and O2) for alpha-blocking; midline  
parietal (Pz) for the visual oddball paradigm; and 
left/right parietal (P7 and P8) for the face  
processing paradigm. 

The recorded data from the paradigm-specific 
sensors/electrodes were offline re-referenced to 
linked mastoids, by averaging data from the two 
mastoid positions and subtracting it from each 
paradigm-specific sensor/electrode. 
 
 
3. Spontaneous EEG 
 

Initial measurements were carried out on the free 
running EEG to verify that the prototype sensor had 
an appropriate noise performance to allow EEG data 
to be seen. The alpha signal is observed when the 
eyes are closed and is characterized by an increase in 
amplitude of the 8-13 Hz EEG signal. Alpha activity 
can be recorded from 95 % of people [15] and is 
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blocked when the eyes are open. The signal may be 
seen in real time in the time domain, as shown  
in Fig. 2, where the alpha blocking caused by 
opening the eyes may be seen clearly. 

 
 

 
 

Fig. 2. Time domain data showing the alpha blocking 
phenomena measured using the prototype sensor. 

 
 

Alternatively, if the time series data is Fourier 
transformed we see a broad peak in the frequency 
domain data. This is illustrated in Fig. 3 where a 40 s 
section of time series alpha data has been Fourier 
transformed to show a clear ~10 Hz peak.  

 
 

 
 

Fig. 3. Fourier transform of time domain data showing  
a broad alpha signal peak at ~10 Hz. The participant was 
asked to close their eyes for period of 40 s. The second 

peak is the 50 Hz mains signal.  
 
 

A residual 50 Hz mains interference signal may 
also be seen (the rightmost peak in Fig. 3), however 
the common mode rejection ratio (CMRR) is 
sufficient to reduce this amplitude to be comparable 
to the measured signal. 

 
 

4. Event Related Potentials 
 
Event-related potentials (ERPs) are time-locked 

EEG responses to specific events, usually discrete 
sensory inputs. ERPs are characterized by deflections 
from baseline (baselines are typically computed over 

the pre-stimulus period) at specific time-points post-
stimulus. The ‘oddball effect’ is the ERP difference 
reflecting a contrast between expected and 
unexpected (frequent and infrequent) stimuli. 

Two different stimuli are presented on a screen 
with one event randomly chosen to occur more often 
than the other. A volunteer is asked to press the space 
bar only when they are presented with one of the two 
events. Typically, signals are averaged and band-pass 
filtered at 0.1 to 30 Hz, again we have followed this 
standard practice. A typical oddball paradigm 
presents letters e.g. X and O on a monitor with 80 % 
and 20 % relative frequency respectively [15]. The 
letters are displayed for 100 ms with a blank screen 
presented for 1.4 s between each letter. In this 
experiment, the O is the ‘oddball’ stimulus. 

Little information may be gained from real-time 
data in ERP paradigms, so that averaging over a 
number of events is usually needed [18]. The data is 
usually recorded using the Pz position and a 
reference electrode (s). Fig. 4 shows the results for 
67 averages, 53 for the ‘X’ and 14 for the ‘O’. There 
is a clear time-difference in the major ERP 
component between the ‘X’ and ‘O’ data as  
expected [19]. This experiment contained a relatively 
low number of trials for an ERP study, indicating that 
the EPS prototype sensor is highly capable in this 
challenging mode of operation. 

 
 

 
 

Fig. 4. Averaged ERP data, recorded from Pz, collected  
by the EPS, showing the oddball effect (delayed response 

to the rare stimulus). 
 
 

In a second ERP study we looked at the 
sensitivity of the EPS for recording category specific 
effects in a standard face processing study. Three 
different images were presented to the subjects: 
faces, inverted faces and scrambled faces. The 
resulting ERP waveforms are displayed for the wet 
gel electrodes in Fig. 5 and the EPS in Fig. 6. For 
both sensor types measurement electrodes were 
located at the P7 and P8 positions, with the reference 
sensors on M1 and M2 (left and right mastoids).  

In order to improve the quality of the data and to 
allow a more accurate comparison to be conducted a 
grand average was produced over 4 subjects.  
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Fig. 5. Grand average of 4 participants ERP face data  
from wet gel electrodes, positions P7 and P8. Faces (black 
line); inverted faces (red line) and scrambled faces (blue 

line). Stimulus onset at 0 ms. 
 
 

 
 

Fig. 6. Grand average of 4 participants ERP face data  
from EPS, positions P7 (top) and P8 (bottom). Faces  

(black line); inverted faces (red line) and scrambled faces 
(blue line). Stimulus onset at 0 ms. 

 
 
Visual inspection of the results of these ERP 

measurements show that the grand averaged data for 
the EPS system is remarkably similar to that 
produced by a standard commercial EEG system, 
specifically in terms of demonstrating stimulus-
category specific patterns of activity. Moreover, the 
apparent signal to noise ratio appears to be strictly 
comparable. From these initial results we therefore 
conclude that the current prototype EPS device has 
an adequate level of noise performance for all the 
EEG signals observed during these tests. 
 
 

5. EEG Quality 
 

Quantification of noise in an EEG recording is 
complex due to the signal processing that is applied 
to the recorded signals. However, if different aspects 
of an EEG signal are studied individually then useful 
information can be gained. Here three methods are 
used to separately characterize the low frequency 
drift, ERP noise, and broadband noise.  

5.1. Raw Signal 
 

EEG data is commonly preprocessed with high 
and low pass filters to remove any drift caused by 
wet gel electrodes (and other factors) and to reduce 
the effects of out-of-band noise. However if the raw 
signal is inspected for a long period of time then slow 
drift can be observed. These drifts are due to a 
combination of different effects such as variations in 
skin resistance [20] and alteration in half-cell 
potential of Ag/AgCl electrodes [3].  

Fig. 7 displays 10 minutes of EEG recording from 
both the EPS and wet gel systems. Here the raw 
signal can be seen with a drift in the wet gel electrode 
of up to 2 mV. This is often compensated for by 
using high supply rails to avoid railing the signal, and 
high precision 24 bit digitizers to be able to record 
these small signals over larger ranges. This effect is 
not seen in the EPS as the sensor does not have a  
DC response.  

 
 

 
 

Fig. 7. The raw signal can be seen to drift with time when 
recorded with a wet gel electrode, this is not the case when 
compared with the EPS drift over a 10 minute recording. 

 
 

5.2. Signal to Noise Ratio 
 

As demonstrated in Section 3, when a person 
closes their eyes a ~10 Hz oscillation appears in their 
EEG. This power increase in this alpha band of EEG 
is reversed upon opening the eyes (‘alpha blocking’). 
As Alpha is a signal superimposed on the 
background EEG and broadband noise, it is possible 
to define this evoked increase in the Alpha band 
power by comparing it to the background variations. 
Signal to noise ratio (SNR) can be calculated using 
the following equation [20]. 
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A 30 second recording of an Alpha signal from a 

single participant was gathered simultaneously by the 
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prototype EPS and the TMSi system. This was 
formed by a differential recording of Oz-Fz. Using 
FFT, power of the alpha signal at 10 Hz was 
calculated across this data. The EPS had a SNR of -
26.0244 dB compared to a value of -33.2565 dB for 
the wet gel electrode. This provides values smaller 
than zero due to the small amplitude of the Alpha 
signal compared with broadband noise and 
background EEG. Showing that for this recording the 
EPS displays a slightly better SNR than a standard 
EEG system. 

 
 

5. 3. ERP Noise 
 

Event related potentials are the most commonly 
studied signal type in EEG. Thus it is important to 
assess the SNR of an averaged ERP. Fig. 6 and Fig. 7 
both present grand average ERPs from the face 
perception study. The pre-stimulus section  
(-200 ms to 0 s) of both figures shows no significant 
variations from the baseline. Assuming no stimulus-
specific neuroelectrical activity prior to the trigger 
signal then any deviations can be associated with 
noise. The Root-mean-square (RMS) voltage of this 
time period presents a measure of noise activity 
independent of frequency [20]. The closer the RMS 
is to zero the less affected the ERP signal is to non-
event related activity. Table 1 contains RMS noise 
values of 4 subjects who participated in the face 
perception study.  

 
 

Table 1. ERP RMS Noise. 
 

Subject 
Pre stimulus ERP RMS Voltage 

(µV) 
No. Wet EPS 

1. 1.0503 0.2574 

2. 0.8073 0.6030 

3. 0.8992 0.1642 

4. 0.2702 0.3711 

Mean 0.7568 0.3489 

STD 0.3395 0.1893 

 
 

These RMS values show that the EPS displays a 
similar noise profile to standard wet electrodes. The 
variations in mean and SD was expected as these 
signals were not recorded simultaneously.  
 
 

6. Conclusions 
 

The Sussex EPS prototype has been verified as 
suitable for the acquisition of both free running EEG 
and ERPs. The prototype performance has also been 

verified by interfacing with a commercial system, 
and by comparing results with those from wet gel 
electrodes. All results obtained indicate that the 
Sussex EPS prototype produces strictly comparable 
signal-to-noise ratios to conventional wet gel 
electrode devices for both free running and ERP 
measurements. The low frequency noise has been 
identified as the key performance indicator for 
capacitively coupled active sensors. In particular, the 
frequency range of typical EEG signals lies within 
the 1/f noise region of most active devices. The use 
of an auto-zero operational amplifier within the 
prototype sensor has been demonstrated to eliminate 
this problem and yield results which are strictly 
comparable to wet gel electrodes. 
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Abstract: The primary focus of this paper is the development of an ultra-miniature ultrasound motor for use in 
the human blood vessel. Since the size of the drive source for rotating the atherectomy device and intravascular 
ultrasonography system are large currently in practical use, it is installed outside the body, and the rotational 
power for the atherectomy device and intravascular ultrasonography system are transmitted through the long 
tortuous blood vessel. Such systems suffer from the problem that the rotation becomes non-uniform, and the 
problem that the available time is limited. We have therefore developed a Π-shaped coiled stator ultrasound 
motor as a miniature ultrasound motor for rotating the ultrasound sensor for use in blood vessels in order to 
solve these problems. In this paper, we describe measurement of the torque, revolution speed, output power, 
efficiency, and particle motion on acoustic waveguide of the Π-shaped coiled stator ultrasound motor. Copyright 
© 2015 IFSA Publishing, S. L. 

 
Keywords: CS-USM, Coiled stator ultrasound motor, Closed-loop-type waveguide, Revolution speed, 

Torque, Output power, Efficiency. 

 
 
 

1. Introduction 
 

Recently, intravascular surgery and diagnosis 
have been used in medicine, for example, in 
atherectomy and intravascular ultrasonography 
(IVUS). Intravascular surgery is a minimally 
invasive surgical method. Atherectomy is a method 
for removing atherosclerosis from blood vessels [1]. 
IVUS is mainly used to observe the luminal area and 
to confirm coronary stent expansion. IVUS visualizes 
the tissue beneath the surface, which is not possible 
by optical angiography [2-3]. These devices need to 

perform rotational movement within the vessel. The 
device that drives the revolution, such as a motor, is 
located outside the body in the atherectomy device 
and IVUS system currently in practical use. Non-
uniform rotation and breakage of the shaft that 
transmits the rotational motion can occur due to 
undesired mechanical loading in long tortuous blood 
vessels. A small motor that can be used within the 
blood vessels is therefore needed in order to 
overcome these problems. A small motor can be 
installed as the driving source inside the blood 
vessel, removing the need to transmit rotational 
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motion through a long tortuous blood vessel. This 
would improve the rotational stability and prevent 
the shaft of the rotating device from breaking.  

Various types of ultrasound motors, including 
ring motors, linear motors, levitated-rotor motors, 
and coiled-stator motors have been actively 
investigated [4-7]. We have been developing a CS-
USM to construct a micromotor [8-10]. Since the 
CS-USM has a simple structure compared to other 
types of ultrasound motors, it is suitable for 
miniaturization. Ultrasound micromotors with outer 
circumferences of less than 1 mm have been 
fabricated using the coiled-stator structure by some 
groups [8, 11]. The main problem in terms of 
practical use is its low efficiency. A quadratic driving 
method using a closed-loop waveguide has been 
proposed for improving the efficiency [12]. 
However, the piezoelectric transducers need to be 
attached to the waveguide, and the acoustic 
impedances of a closed-loop waveguide are non-
uniform at the attachment points. We thus think that 
these attachment points may cause the low 
efficiency. Further improvement may therefore be 
required. We previously proposed a new CS-USM 
structure that had an ultrasound power circulation-
type acoustic waveguide and employed the quadratic 
excitation method [10]. Furthermore, a connection 
method between the piezoelectric transducer and 
acoustic waveguide was proposed to minimize the 
effect of acoustic propagation characteristics on the 
acoustic waveguide, in the previous paper [10]. Also, 
we previously reported a method for measuring the 
torque of the micromotor and the torque-revolution 
speed characteristics of the CS-USM [9]. These 
papers did not deal with the relationship between 
torque and revolution speed characteristics and the 
relationships among torque, output power, and 
efficiency of a Π-shaped CS-USM. These 
relationships are described in the present paper. 

The remainder of this paper is organized into the 
following five sections. Section II presents the 
concept of the CS-USM for atherectomy device and 
IVUS system. Section III describes the driving 
principle of our CS-USM. Section IV shows the 
fabrication of the Π-shaped CS-USM. Section V 
describes the measurements of the characteristics of 
the Π-shaped CS-USM. Finally, Section VI gives  
our conclusions. 

 
 

2. Concept of CS-USM for IVUS 
 
Recently, intravascular diagnosis by using 

Atherectomy Device and IVUS System has become 
widely used in medicine [1]. Atherectomy Device 
and IVUS System are minimally invasive and can 
reduce pain felt by the patient, and is mainly used for 
examination of coronary artery surgery and disease. 
Since the size of the drive source for rotating the 
atherectomy device and IVUS system are large 
currently in practical use, it is installed outside the 
body, and the rotational power for the ultrasound 

sensor is transmitted through the long tortuous blood 
vessel. Such systems suffer from the problem that the 
rotation becomes non-uniform due to overloading of 
the wire transmitting the rotational power, and the 
problem that the available time is limited in order to 
prevent the wire from being damaged due to 
overload. We thus developed the CS-USM as a 
miniature ultrasound motor that can be used inside 
the blood vessels in order to solve these problems. 
Fig. 1 shows a conceptual diagram of the structure of 
an IVUS system using a small CS-USM for rotating 
the ultrasound sensor. If an ultra-miniature CS-USM 
can be developed for use inside blood vessels, it is 
expected that the CS-USM will be able to rotate 
stably in the blood vessel since there is no need to 
transfer the rotational power though the long tortuous 
blood vessel. Furthermore, damage to the wire due to 
overloading is expected to be prevented. 

 
 

 
 

Fig. 1. Conceptual diagram showing the structure  
of an IVUS system using a CS-USM small motor  

for rotating the ultrasound sensor. 
 
 

3. Driving Principle 
 
In this section, we describe the driving principle 

of the CS-USM and Π-shaped CS-USM. The driving 
principle of the CS-USM is described in 
Subsection 3.1. The driving principle of the  
Π-shaped CS-USM is detailed in Subsection 3.2. 

 
 

3.1. Driving Principle of CS-USM 
 
The CS-USM is a traveling-wave ultrasound 

motor that uses a coiled stator. When a flexural wave 
propagates along the coiled stator, particles on the 
surface of the coiled stator are displaced along an 
elliptical locus due to the coupling of longitudinal 
and transverse waves. A rotor arranged inside of the 
coiled stator is driven in the opposite direction to the 
particle movement by the frictional force as shown in 
Fig. 2. The CS-USM consists of piezoelectric 
transducers, an acoustic waveguide, and a rotor. 
Since it has such a simple structure, it is expected to 
be able to be miniaturized as an ultrasound motor. 
Since a coiled acoustic waveguide is used as the 
stator, driving force is imparted to the rotor along a 
large part of the interface between the rotor and the 
stator. That is, even if the stator has a small driving 
force per unit length, a large drive force can be 
imparted to the rotor by using a coiled stator [13]. 
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Fig. 2. Rotor rotating in the opposite direction to the 
propagation of the flexural wave in the coiled stator [10]. 

 
 

3.2. Driving Principle of Π-shaped CS-USM 
 
Fig. 3 shows the structure of the Π-shaped  

CS-USM. The motor consists of a rotor, a coiled 
stator, and two lead zirconate titanate ceramic  
(PZT)-based piezoelectric transducers. 

 
 

 
 

Fig. 3. Configuration of our Π-shaped CS-USM [10]. 
 
 

The stator forms a closed acoustic waveguide 
loop with the coiled waveguide and straight 
waveguide connected at connection points A and B. 
The length of the closed-loop waveguide is an integer 
multiple of the wavelength of the ultrasound wave. 
The traveling wave for rotating the rotor can be 
generated by superposing two standing waves with 
phases that differ by 90 degrees with respect to both 
position and time [14]. In the following equations, 
standing wave (1) is induced at point A by PZT 1, 
standing wave (2) is induced at point B by PZT 2, 
and traveling wave (3) is then generated from the two 
standing waves. 

 

( )
1

, sin sinu x t A kx tω=  (1) 

 

( )
2

, cos cosu x t A kx tω=  (2) 

( ),tu x t ( ) ( )1 2, ,u x t u x t= +  

sin sinA kx tω= cos cosA kx tω+  

( )cosA kx tω= − , 

(3) 

 

where A, k, x, ω and t are the flexural wave 
amplitude, wavenumber, position, angular frequency, 
and time, respectively. It is easy to change the 
rotation direction by switching the phase difference 
from 90° to -90°. 

 
 

4. Fabrication of Π-shaped CS-USM 
 

The fabrication of the CS-USM is described in 
this section. The structure and design of the  
Π-shaped CS-USM are described in Subsections 4.1 
and 4.2, respectively. 

 
 

4.1. Structure of Π-shaped CS-USM 
 

As shown in Fig. 3, the length of the straight 
section from point A to point B is λ/4. The length of 
the closed-loop waveguide including coiled stator 
from point B to point A in a counterclockwise 
direction is (n + 3/4) λ, where n is an arbitrary 
integer. Source waveguides 1 and 2 are connected to 
the closed-loop waveguide at connecting points A 
and B by electric spot welds. The two PZT 
transducers are attached by soldering to source 
waveguides 1 and 2, respectively. 

 
 

4.2. Design of Π-shaped CS-USM 
 

Fig. 4 shows a photograph of the fabricated  
Π-shaped CS-USM. The thickness and width of the 
acoustic waveguides are 0.1 and 0.3 mm, 
respectively. The material of the acoustic waveguide 
is SUS 304. The coiled stator is wound 5 turns 
around the rotor. The thickness, width, and length of 
the PZT transducer (C-213, Fuji Ceramics) are 0.25, 
1.0 and 5 mm, respectively. The rotor is a steel wire 
with a diameter of 0.56 mm. The inner diameter of 
the coiled stator is 0.6 mm. The length of the straight 
waveguide from point A to point B is 1.5 mm. The 
length of the closed waveguide from point B to  
point A in a counterclockwise direction is 10.5 mm. 

 
 

 
 

Fig. 4. Fabricated Π-shaped CS-USM [9]. 
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5. Measurement of Characteristics  
of Π-shaped CS-USM 
 
We measured the characteristics of the Π-shaped 

CS-USM. Subsections 5.1, 5.2, 5.3 and 5.4, 
respectively, describe the following relationships for 
the Π-shaped CS-USM: the relationship between 
applied voltage and revolution speed; the relationship 
between torque and revolution speed; the 
relationships among torque, output power, and 
efficiency; and Observation of particle motion on 
acoustic waveguide. 

 
 

5.1. Measurement of Revolution Speed 
 

We measured the revolution speed of the  
Π-shaped CS-USM by using a laser Doppler 
velocimeter. The laser beam is reflected by reflective 
tape attached to the rotor, and the revolution speed is 
determined from the reflected beam. The Π-shaped 
CS-USM is held in a CS-USM holder for 
characteristics measurement as shown in Fig. 5. The 
CS-USM holder is able to hold the rotor, keeping 
constant contact between the rotor and the  
coiled stator. 

 
 

 
 

Fig. 5. CS-USM holder for measuring characteristics [9]. 
 
 

First, the resonance frequency of the piezoelectric 
transducers was measured with a fixed voltage 
applied to the piezoelectric transducers. The 
resonance frequency of the Π-shaped CS-USM was 
estimated to be 311 kHz from the results. Next, the 
revolution speed was measured by sweeping the 
applied voltage from 2 to 32 Vpp at the resonance 
frequency. Furthermore, the revolution speed and 
direction of revolution were measured at the 
resonance frequency after switching the phase 
difference of the driving signal from 90° to -90°. A 
continuous sinusoidal wave was used for the driving 
signal in this experiment. 

Fig. 6 shows revolution speed as a function of 
applied voltage. We repeated the measurement of 
rotational speed 10 times. Mean values with error 
bars indicating the standard deviations are plotted in 
Fig. 6. It was found that the revolution speed was 
about 3500 rpm, but it differed between the forward 
and reverse directions. The forward direction is 

defined as the direction in which the traveling wave 
propagates along the coiled stator. 

 
 

 
 

Fig. 6. Revolution speed as a function of applied voltage. 
 
 

5.1. Measurement of Torque-Revolution 
Speed 

 
We next measured the relationship between 

torque and revolution speed. Fig. 7 shows a 
schematic diagram of the measurement of the torque-
revolution speed characteristics, where R, T, Wtr, Wap, 
Mtr, Map, and g are the radius of the rotor, tensile 
force, true weight, apparent weight, true mass, 
apparent mass, and gravitational acceleration, 
respectively. A weight was suspended from the  
Z stage using a string, and was wound once around  
the rotor. 

 
 

 
 

Fig. 7. Schematic diagram for measuring torque-revolution 
speed characteristics [9]. 

 
 

This structure provides a load on the rotor by the 
movement of the Z stage. At the same time, the 
revolution speed of the motor was measured using a 
laser Doppler velocimeter. As in the measurement of 
the revolution speed, the Π-shaped CS-USM was 
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held by the CS-USM holder while measuring the 
characteristics as shown in Fig. 5. Torque τ is given 
by (4) as follows: 

 
R Tτ = ×  (4) 

 
In addition, A and B can be obtained by (5) and 

(6) as follows: 
 

tr apT W W= −  (5) 

 

ap apW M g= ×  (6) 

 
The driving conditions were the same as those in 

the revolution speed measurement. Driving 
frequency, applied voltage, and drive signal were 
311 kHz, 30 V, and continuous wave, respectively. 
We measured the torque while changing the load on 
the rotor by moving the Z stage. Fig. 8 shows the 
system for measuring the torque-revolution speed 
characteristics. Fig. 9 shows the revolution speed as a 
function of torque. In addition, it shows the 
approximate curves of torque-revolution speed. It 
was confirmed that the torque of the Π-shaped  
CS-USM was about 3.4 μNm and 0.9 μNm in the 
forward and reverse rotation directions, respectively. 
The revolution speed decreased with increasing 
torque. The torque in the forward direction was 
different from that in the reverse direction. 

 
 

 
 

Fig. 8. System for measuring torque-revolution speed 
characteristics [9]. 

 
 

 
 

Fig. 9. Torque-revolution speed characteristics [9]. 

5.3. Estimation of Output Power and 
Efficiency of Π-shaped CS-USM 

 
We calculated the output power of the Π-shaped 

CS-USM from the torque and rotational speed. We 
also calculated the efficiency from the torque and 
rotational speed. In addition, we calculated the 
efficiency from the output power of the Π-shaped 
CS-USM and the input power of the PZT 
transducers. The input power to the PZT transducers 
taking into account the power factor was 21.6 mW at 
30 Vpp. The input power required to drive the motor 
was 43.2 mW. Fig. 10 shows the output power and 
efficiency as a function of torque for forward 
rotation. Fig. 11 shows the output power and 
efficiency as a function of torque for reverse rotation. 
In addition, these show the approximate curves of 
output power and efficiency, respectively. The 
maximum efficiency was thus found to be about 
0.8 % and 0.2 % in the forward and reverse rotation 
directions, respectively. 

 
 

 
 

Fig. 10. Output power and efficiency as a function  
of torque for forward rotation [15]. 

 
 

 
 

Fig. 11. Output power and efficiency as a function  
of torque for reverse rotation [15]. 

 
 

5.4. Observation of Particle Motion  
on Acoustic Waveguide 

 
We observed particle motion on acoustic 

waveguide of Π-shaped CS-USM by using a laser 
Doppler velocimeter. The vibrating displacements of 
the particle motions have components in tangential 
direction of the surface and normal direction of the 
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surface. Therefore, we estimated the trajectory of 
particle motion on the acoustic waveguide of  
Π-shaped CS-USM from the vibration displacement 
in tangential direction of the surface and normal 
direction of the surface. However, it is difficult to 
observe the tangential vibration displacement of the 
surface by using a laser Doppler velocimeter. 
Therefore, we determined the vibration velocity in 
the surface direction, as shown below. 

The vibration velocity in normal direction, θ 
direction, and tangential direction of the acoustic 
waveguide surface are ,  and , respectively. 
The vibration velocity component is shown in Fig. 12. 
The vibration velocity in the θ direction of acoustic 
waveguide surface is following in (7), 

 

sin cosx u vθ θ= +  
 (7) 

 

And then, (8) for the vibration velocity  in 
tangential direction can be obtained by deforming the 
(7), as follow 

 

tan
sin

x
u v θ

θ
= −

 
 (8) 

 
 

 
 

Fig. 12. Derivation of vibration velocity   
in the tangential direction of the surface. 

 
 
Fig. 13 shows an observation system for particle 

motion on acoustic waveguide of the Π-shaped  
CS-USM. At first, we recorded the waveform of 
vibration velocity in normal direction on acoustic 
waveguide of Π-shaped CS-USM by using the laser 
Doppler velocimeter. Next, we recorded the 
waveform of vibration velocity in θ direction on 
acoustic waveguide of Π-shaped CS-USM by using 
the laser Doppler velocimeter. And then, the 
recorded waveform of vibration velocity is converted 
to the displacement by using integration. In this 
study, the driving voltage, driving frequency of the 
PZT transducer are 30 Vpp and 311 kHz, respectively. 
Also, θ direction is 45 degrees. 

 
 

Fig. 13. Schematic diagram of measurement system  
of the vibration velocity on acoustic waveguide. 

 
 

We observed the trajectory of particle motion on 
the acoustic waveguide of Π-shaped CS-USM as 
shown Fig. 14 and Fig. 15. Fig. 14 shows the 
trajectory of particle motion in the forward rotation. 
Fig. 14 and Fig. 15 show the trajectory of  
particle motion in the forward rotation and reverse 
rotation, respectively. 

 
 

 
 

Fig. 14. Observed particle motion on acoustic waveguide 
of Π-shaped CS-USM in forward rotation (Phase of PZT 2 

advanced 90 degrees to the phase of PZT 1). 
 
 

We confirmed the trajectories of the particle 
motion on the acoustic waveguide of Π-shaped  
CS-USM in the forward rotation and reverse rotation, 
respectively. In addition, we confirmed the reversal 
of the particle motion on the acoustic waveguide in 
the forward rotation and reverse rotation of rotor, 
respectively. However, particle motion on acoustic 
waveguide of Π-shaped CS-USM in reverse rotation 
was unstable. 
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Fig. 15. Observed particle motion on acoustic 
waveguide of Π-shaped CS-USM in reverse rotation 

(Phase of PZT 2 delayed 90 degrees to the phase  
of PZT 1). 

 
 

6. Conclusions and Future Works 
 
We fabricated a Π-shaped CS-USM to improve 

the driving efficiency of CS-USMs for driving IVUS 
ultrasound sensors. The relationship between the 
revolution speed and torque of the fabricated  
Π-shaped CS-USM was measured. The driving 
efficiencies were calculated from the measurement 
data. The maximum driving efficiency was 
confirmed to be about 0.8 %. In previous research, 
the maximum driving efficiency of a large single-
transducer CS-USM was found to be about 0.1 %. 
The improvement in driving efficiency shows the 
superiority of the closed-loop acoustic waveguide for 
Π-shaped CS-USM. However, the fabricated  
Π-shaped CS-USMs exhibited individual differences 
in driving frequency, revolution speed, and torque 
performance. Therefore, we observed the particle 
motion on the acoustic waveguide of Π-shaped CS-
USM in the forward rotation and reverse rotation of 
rotor, respectively. In addition, we confirmed the 
reversal of the particle motion on the acoustic 
waveguide in the forward rotation and reverse 
rotation of rotor, respectively. However, particle 
motion on acoustic waveguide of Π-shaped CS-USM 
in reverse rotation was unstable. We considered that 
unstable particle motion is the cause of low torque in 
reverse rotation of Π-shaped CS-USM. These 
individual differences and unstable particle motion 
may be caused by poor fabrication accuracy and 
experimental conditions. Therefore, improvement in 
the manufacturing technique of the CS-USM is 
desired. For application of CS-USM in the medical 
field, miniaturization and biocompatibility are 
required. Therefore, it is necessary to give sufficient 
consideration to the selection of components and 
structure of the CS-USM. Optimization of the 

thickness and width of the closed acoustic waveguide 
is our future works. 
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Abstract In this paper, we exploit the nonlinear property of the SiC multilayer devices to design an optical 
processor for error detection that enables reliable delivery of spectral data of four-wave mixing over unreliable 
communication channels. The SiC optical processor is realized by using double pi’n/pin a-SiC:H photodetector 
with front and back biased optical gating elements. Visible pulsed signals are transmitted together at different bit 
sequences. The combined optical signal is analyzed. Data show that the background act as selector that pick one 
or more states by splitting portions of the input multi optical signals across the front and back photodiodes. 
Boolean operations such as EXOR and three bit addition are demonstrated optically, showing that when one or 
all of the inputs are present, the system will behave as an XOR gate representing the SUM. When two or three 
inputs are on, the system acts as AND gate indicating the present of the CARRY bit. Additional parity logic 
operations are performed using four incoming pulsed communication channels that are transmitted and checked 
for errors together. As a simple example of this approach, we describe an all-optical processor for error 
detection and then provide an experimental demonstration of this idea. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Optical processor, Integrated optical filter, Boolean operations, Coder/decoder device, 
Optoelectronics.  
 
 
 

1. Introduction 
 

Using visible light for data transmission, which is 
referred to as Visible Light Communication (VLC), 
opens a broad spectrum of applications, such as 
photonic circuits for the purpose of chip-level 
communications and location estimation. Increases in 
power efficiency per bit of data are projected to be 
achieved by replacing electrical interconnects with 
their optical counterparts in the near future. Digital 
optical systems and optical processors demand an all-

optical arithmetic unit to perform different optical 
arithmetic operations. Various architectures, logical 
and/or arithmetic operations have been proposed in 
optical/optoelectronic computing [1-4]. Effort has 
been made for the development of all-optical logical 
functions [5] by using different schemes like 
optoelectronic devices based on optical nonlinear 
micro-ring resonators [6-7]. 

Multilayered Si/C structures based on amorphous 
silicon technology are reconfigurable to perform 
WDM optoelectronic logic functions [8-9]. They 
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have a nonlinear magnitude-dependent response to 
each incident light wave. In this paper we exploit the 
nonlinear property of the SiC multilayer devices 
under steady state backgrounds to design an all-
optical adder unit.  

The SiC optical processor for error detection and 
correction is realized by using double pin/pin  
a-SiC:H photodetector with front and back biased 
optical gating elements. Red, green, blue and violet 
pulsed signals are transmitted together at different bit 
sequences. The combined optical signal is analyzed 
by reading out the photocurrent, under low 
wavelength background (350 nm) and different 
intensities. The operational principle of SiC based 
switches is discussed and the theoretical design of 
all-optical adder operation is reported. Experimental 
results confirming the described method are  
also presented. 

After a short introduction, in Section 2, the 
design, characterization and operation of the  
device are presented. In Section 3, the spectral 
sensitivity of the device is analyzed and, in Section 4, 
the nonlinear spectral gain is presented. Section 5, 
refers the coder/decoder optical processor and 
Section 6, the full-adder design is shown. Error 
control methodology based on SiC technology is 
explained in Section 7 and the conclusions appears 
in Section 8. 

 
 

2. Device Design, Characterization  
and Operation 

 
The full-adder device is realized by using a 

double pi’n/pin a-SiC:H photodetector with TCO 
front and back biased optical gating elements as 
depicted in Fig. 1. The active device consists of  
a p-i'(a-SiC:H)-n/p-i(a-Si:H)-n heterostructure. The 
thicknesses and optical gap of the front  
í'- (200 nm; 2.1 eV) and back i- (1000 nm; 1.8 eV) 
layers are optimized for light absorption in the blue 
and red ranges, respectively [10].  

Optoelectronic characterization was performed 
through spectral response measurements without and 
with steady state applied optical bias. 

Monochromatic (red, green, blue and violet; 
λR,G,B,V;) pulsed communication channels (input 
channels) are combined together, each one with a 
specific bit sequence and absorbed accordingly their 
wavelengths (see arrow magnitudes in Fig. 1). The 
combined optical signal (multiplexed signal; MUX) 
is analyzed by reading out the generated photocurrent 
under negative applied voltage (-8 V), without and 
with 390 nm background lighting at different 
intensities, applied either from front or back sides. 
The device operates within the visible range using as 
input colour channels the square wave modulated low 
power light supplied by red (R: 626 nm), green  
(G: 524 nm), blue (B: 470 nm) and violet  
(V: 400 nm) LEDs. 

 
 

Fig. 1. Device configuration and operation. 
 
 
3. Spectral Sensitivity 
 

The spectral sensitivity was tested through 
spectral response measurements [11] without and 
under 350 nm front and back violet backgrounds 
using different intensities. In Fig. 2, the spectral gain 
(α), defined as the ratio between the spectral 
photocurrent with and without applied optical bias, is 
displayed under near-UV (λ=350 nm) illuminations. 
In Fig. 2a, the light was applied from the front (λF) 
and in Fig. 2b, the irradiation occurs from the back 
side (λB). The background intensity (φ) was changed 
between 5 µWcm-2 and 3800 µWcm-2.  
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Fig. 2. a) Front (λF) and b) back (λB) spectral gains (αF,B) 
under λ=350 nm irradiation. 
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Results show that the optical gains have opposite 
behaviours under front and back irradiations. Under 
350 nm front irradiation (Fig. 2a) and low flux, the 
gain is high in the infrared region, presents a well-
defined peak at 750 nm and strongly quenches in the 
visible range. As the power intensity increases the 
peak shifts to the visible range and can be 
deconvoluted into two peaks, one in the red range 
that slightly increases with the power density of the 
background and another in the green range that 
strongly increases with the intensity of the UV 
radiation. In the blue range, the gain is much lower. 

This shows the controlled high-pass filtering 
properties of the device under different background 
intensities. Under back bias (Fig. 2b) the gain in the 
blue/violet range has a maximum near 420 nm that 
quickly increases with the intensity. Besides it 
strongly lowers for wavelengths higher than 450 nm, 
acting as a short-pass filter. Thus, back irradiation, 
tunes the violet/blue region of the visible spectrum 
whatever the flux intensity, while front irradiation, 
depending on the background intensity, selects the 
infrared or the visible spectral ranges. 

The results show that, low fluxes select the near 
infrared region and cuts the visible one, the reddish 
part of the spectrum is selected at medium fluxes, and 
high fluxes tune the red/green ranges with  
different gains. 
 
 
4. Nonlinear Optical Gains  
 

Several monochromatic pulsed lights separately 
(697 nm, 626 nm, 524 nm, 470 nm, 400 nm input 
channels; transmitted data) or combined (MUX 
signal) illuminated the device at 12000 bps. Steady 
state 390 nm bias at different intensities due to 
different LED input currents (0<ILED <30 mA) were 
superimposed separately from both sides and the 
photocurrent was measured. For each individual 
channel the photocurrent was normalized to its value 
without irradiation (dark) and the photocurrent gain 
(αV

R,G,B,V) determined. Fig. 3, displays the different 
gain as a function of the drive currents of the lighting 
LED under front (a) and back (b) irradiation. 

Results show that the gain depends mainly on the 
channel wavelength and slightly on the lighting 
intensity, for high fluxes. Even across narrow 
bandwidths, the gains are quite different. Under front 
irradiation (Fig. 3a) the magnitude of the short 
wavelengths signals is quenched and enlarged in the 
long wavelengths range. The opposite happens when 
the background lighting is at the back side (Fig. 3b). 
Here, the short wavelengths gain increases while the 
long wavelengths gain decreases. This behavior can 
be used to build selective filters, where the gain of 
the short and long pass filters is controlled by optical 
bias either at the front or back sides.  

This nonlinearity allows identifying the different 
input channels in the visible range. Due to its low 
wavelength, the background light is absorbed at the 
top of the front diode and, due to the self-bias effect 

[6], increases the electric field at the back diode 
where the red incoming photons are absorbed 
accordingly their wavelengths (see Fig. 1) resulting 
in an increased collection. Under back irradiation the 
electric field decreases mainly at the i-n back 
interface quenching the red/green input signals. 
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Fig. 3. (a) front and (b) back optical gain at λ=390 nm 

irradiation and different input wavelengths. 
 
 

5. Coder/Decoder Device  
 
In Fig. 4, the normalized MUX signal due to the 

combination of the red, green, blue and violet input 
channels (received data) is displayed under front and 
back irradiations (ILED=30 mA). On the top, the input 
channels (transmitted data) are displayed. In the right 
side of the figure all the possible sixteen RGBV 
sublevels and their 4-bit binary code are inserted.  

The results show that to each of all the possible  
24 on/off states it correspond a well-defined level. 
Under front or back irradiation, each of those four 
channels, in turn, is enhanced or quenched (Fig. 2 
and Fig. 3) accordingly its wavelength. So, 24 ordered 
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levels (d0-d15) are detected (horizontal dot lines) and 
grouped into two main classes due to the high 
amplification of the red channel (αV

626=4.5). The 
upper eight (23) levels are ascribed to the presence of 
the red channel (R=1), and the lower eight to its 
absence (R=0), allowing the red channel recognition. 
Since under front irradiation the green channel is also 
amplified (αV

 524=3) the four (22) highest levels, in 
both classes, are ascribed to the presence of the green 
channel (G=1) and the four lower ones to its lack 
(G=0). The blue channel is slightly amplified  
(αV

 470=1.75), so, in each group of 4 entries, two 
subclasses (21) can be found: the two higher levels 
correspond to the presence of the blue channel (B=1) 
and the two lowers to its absence (B=0). Finally, each 
group of 2 entries have two near sublevels  
(αV

 400=0.78), the higher level where the violet 
channels is ON (V=1) and the lower level where it is 
missing (V=0).  
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Fig. 4. MUX/DEMUX signals under 390 nm front  
and back UV irradiation and decoded RGBV binary bit 

sequences. On the top of the figure the transmitted channels 
are displayed.  

 
 

Under back irradiation, the violet channel is 
strongly enhanced (αV

400=16), the blue channel 
moderately (αV

 470=2) and the green and red strongly 
reduced (αV

524,626=0.3) allowing to confirm the 
presence of violet channel. In Fig. 4, under front 
irradiation, d1 and d2 have similar values making 
difficult the decoding; however under back 
irradiation their recognition is obvious. So, from the 
front and back information the different bit sequences 
were decoded and the signal demultiplexed [9].  
 
 

6. Design of Full-adder Based on a-SiC 
Technology 
 
A full adder circuit adds three single bit binary 

numbers (X, Y, Z) and gives result in two single bit 
binary outputs, called Sum (S) and Carry (C) that is a 
three-bit modulo-2 addition [12].  

A full-adder circuit based on a-SiC technology 
uses the same principle; it adds three color single bit 
binary numbers (R, G, B) and gives result in two 
single bit binary outputs, (Sum, Carry). The design of 
full adder circuit is illustrated in Fig. 5. Depending 
upon the state of the variables (R, G, B) the output is 
obtained from one of the eight output levels  
(d0 to d7). 
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Fig. 5. MUX signal, output levels and truth table  
of a SiC full adder. 

 
 

Fig. 5, displays the normalized MUX signals 
(received data) due to the combination of the red (R), 
green (G) and blue (B) input channels (transmitted 
data), under front irradiation. On the top the signals 
used to drive the input channels are displayed 
showing the presence of all the possible 23 on/off 
states ascribed to 8 separate current levels (d0-d7).  
All eight conditions presented above are listed  
in Table 1. 

 
 

Table 1. State of different output levels. 
 

R G B d0 d1 d2 d3 d4 d5 d6 d7

0 0 0 1 0 0 0 0 0 0 0

0 0 1 0 1 0 0 0 0 0 0

0 1 0 0 0 1 0 0 0 0 0

0 1 1 0 0 0 1 0 0 0 0

1 0 0 0 0 0 0 1 0 0 0

1 0 1 0 0 0 0 0 1 0 0

1 1 0 0 0 0 0 0 0 1 0

1 1 1 0 0 0 0 0 0 0 1

Inputs Output of the different terminals

 
 
 

The corresponding truth table of full adder for 
three input binary (RGB) variables is shown in the 
right side of the figure. As expected from Fig. 3 and 
Fig. 4, the levels magnitude depends on the inputs 
wavelength amplification factors under irradiation. 

So, a 3-binary code is associated to each level 
allowing signal decoding. Data shows that when one 
or all of the inputs are present the output will be 
weighted by their gains (αV

R,G,B), which corresponds 
to four different levels (d1, d2, d4, d7; solid arrows in 
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Fig. 5), the system behaves as a XOR gate,  
i.e., S =1 [13]. 

If two or three input channels are simultaneously 
on, the output level will be weighted by each of the 
individual gains, therefore the system acts as AND 
gate. This corresponds to four separate levels  
(d3, d5, d6, d7; dot arrows) and indicates the presence 
of CARRY bit (C=1).  

The truth table of the full-adder shown in the right 
side of the Fig. 5 is displayed in Table 2. 

 
 

Table 2. The truth table of the full-adder. 
 

R G B Sum Carry

0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

Inputs Output

 
 
 

7. Error Control Based on a-SiC 
Technology 

 
Fault tolerance can be achieved in many systems 

by using parity bits. SiC optical processor for error 
control is realized by using the same double pin/pin 
a-SiC:H photodetector.  

Taking into account Fig. 4, the encoder for code 
takes four input data bits [R, G, B,V; d8, d4, d2, d1] 
and creates three additional parity bits,  

 
[P-(VRG), P-(VRB), P-(VGB); d13, d11, d7], (1) 
 

given by: 
 

P-(VRG) = V  R  G, (2) 
 

P-(VRB) = V  R  B, (3) 
 

P-(VGB) = V  G  B, (4) 
 
i.e., the parity bits are SUM bits of the three-bit 
additions of violet pulsed signal with two additional 
bits of RGB. So, the seven-bit word at the output of 
the encoder will be in a bytewide format, with the 
data and the parity bits separated as decoded  
in Fig. 4.  

Here, the solid arrows shows the different signals 
that arise from to the presence of one of the four 
wavelength channels [R, G, B, V] and the doted 
arrows marks the generate parity bits. Thus, three 
independent logic functions can be implemented in a 
SiC WDM circuit. In this case the three-bit adder 

circuit described above can be used as an encoder for 
the code, which simultaneously generates the three 
parity bits. This is schematically shown in Fig. 6.  

 
 

Sum

Sum [P-(V,G,B)]

Sum

Sum [P-(V,R,B)]

[P-(V,R,G)]

[R, G, B, V]

4-bit code

7-bit coded 
word

d1
d8
d4

d1
d8
d2

d1
d4
d2

 
 

Fig. 6. Schematic of the coding when the three parity bits 
are generated simultaneously in a SiC WDM circuit. 

 
 

To make a distinction between transmitted and 
received data, the transmitted bits are denoted by 
upper case and the received bits are by lower case. 
Thus, the transmitted word is:  

 
[R, G, B,V, P-(VRG), P-(VRB), P-(VGB)], (5) 

 
whereas the received word is:  
 

[r, g, b,v, p-(vrg), p-(vrb), p-(vgb)] (6) 
 
or else:  
 

[d8, d4, d2, d1, d13, d11, d7] (7) 
 

Since d1 is present in all three parity bits, it is the 
first bit that is checked for errors. The following 
additions are performed on the received bits: 

 
v-(rg) = SUM[p-(vrg), r,g], (8) 

 
v-(gb) = SUM[p-(vgb),g,b], (9) 

 
v-(rb) = SUM[p-(vrb), r,b] (10) 

 
Taking into account Fig. 3b and Fig. 4 under back 

irradiation, the signal is strongly enhanced if the 
violet bit is on it on state, allowing confirming it 
presence if generated. Combining the two pieces of 
information (generated parity bits and back signal 
levels) either the absence, or the presence of one or 
double errors, even for similar values of, for instance, 
d1 and d2, will be easily checked.  

In the absence of any errors, received bit equals 
transmitted bit. Each of the above additions would 
equal d1. If v-(rg) is computed in the absence of any 
errors, it equals d1. 

 

v-(rg) = SUM[p-(vrg), r,g]= SUM[ d13, d8, d4] =

= d13  d8  d4 =d1  d8  d4  d8  d4 = d1 
(11) 

 
In the presence of one error, for example, if the 

error is on d2, (see Fig. 4), i.e:  
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2d  = d2  1 (12) 

 
and making the same operation:  
 

v-(gb) = SUM[p-(vgb), g, b), d4, 2d  ] 

= d7  d4  2d  = d1  d2  1  d4  d2  d4= 1d

(13) 

 
obviously, the results for the two other operations 
are: 
 

v-(rg) = d1 (14) 
 

and  
 

v-(rb) = 1d  (15) 
 

However, any double error will not violate the 
parity check of P 

 
P=  r  g  b v  p-(vrg)  p-(vrb)  p-(vgb), (16) 

 
but will violate some of the p-(vrg), p-(vrb), p-(vgb) 
parity checks, thus providing an indication of the 
double error. 

Thus, parity preserving reversible circuit design 
can be implemented optically being very useful in the 
development of fault tolerant reversible systems in 
emerging nanotechnology [14].  

The way in which the three parity bits are 
calculated is schematically depicted in Fig. 7. Here, 
an example of an intuitive representation with the 
original string color message BRVG; 
“d2,d8,d1,d4”=“1010” and the transmitted string  
B R V G; P-(VRB) P-(VRG) P-(VGB) “1010010” is 
presented (see Fig. 3 and Equation 7).  

 
 

 
 
 

 
 

Fig. 7. Example of an intuitive representation with the 
original string, being the message digits: B R V G “1010” 

and the transmitted string being  
B R V G P-(VRB) P-(VRG) P-(VGB) “1010010”. 

A string of 4 bits is put into this diagram. The 
parity check bits are set so that the parity within each 
circle is even (that is, the parity bit is 0 if the sum of 
the bits in the circle is even and 1 if the sum is odd). 
This is an intuitive representation of how the parity 
bits are calculated. 

Taking into account Equation 11, in the absence 
of any errors (Fig. 6), received bit equals  
transmitted bit. Each of the above additions would 
equal d1 confirming: 

 
v-(rg) = v-(gb) = v-(rb) = d1 (17) 

 
In Fig. 8a it is displayed the message received  

d2 d8 d1 d4 p-(vrb) p-(vrg) p-(vgb) “1110010” with 
the second bit has likely been altered by noise.  

In the presence of one error, for example, if the 
error is on d8, by counting 1’s in each circle we find 
that: There is an error in right circle, there is an error 
in upper circle and there is no error in left circle. 
Therefore the error is in the second digit, d8. In 
agreement with previous conclusions: 

 

v-(rg) = v-(rb) = 1d  (18) 

 
v-(gb) = d1 (19) 

 

In Fig. 8b, in the message received d2 d8 d1 d4  
p-(vrb) p-(vrg) p-(vgb) “1111010”, the second and 
fourth bits have likely been altered by noise. 
Nevertheless, any double error will not violate the 
parity check of P (Equation 16) but will violate some 
of the p-(vrg), p-(vrb), p-(vgb) parity checks, thus 
providing an indication of the double error. 

 
 

 
 

a) 
 

 
 

b) 
 

Fig. 8. a) The message received d2 d8 d1 d4  
p-(vrb) p-(vrg) p-(vgb) “1110010” with the second bit has 

likely been altered by noise, b) The message received  
d2 d8 d1 d4 p-(vrb) p-(vrg) p-(vgb) “1111010” with the 

second and fourth bits have likely been altered by noise. 
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8. Conclusions 
 

The nonlinear property of the SiC multilayer 
devices under front and back lighting backgrounds 
were exploited to design an optical processor for 
error detection and correction that enables reliable 
delivery of spectral data of four-wave mixing over 
unreliable communication channels. 

The design of an optical full-adder was presented. 
Additional parity logic operations were performed 
using four incoming pulsed communication channels 
that are transmitted and checked for errors together. 
As a simple example of this approach, we describe an 
all optical processor for error detection then provide 
an experimental demonstration of this idea. An 
intuitive representation with the original string color 
message BRVG=“1010” and the transmitted string  
B R V G; P-(VRB) P-(VRG) P-(VGB) “1010010”  
is presented.  
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Abstract: In this paper, we present a wavelength selector based on a monolithic multilayer pi’n/pin a-SiC:H 
optical filter that requires appropriate near-ultraviolet steady states optical switches to select the desired 
wavelengths in the visible-near infrared (VIS-NIR) ranges. Results show that the background intensity works as 
a selector in the infrared/visible regions, shifting the sensor sensitivity. Low intensities select the NIR range 
while high intensities select the visible part. Here, the optical gain is very high in the red range, decreases in the 
green range, and stays near one in the blue region decreasing strongly in the near-ultraviolet range. The transfer 
characteristics effects due to changes in steady state light intensity and wavelength backgrounds are presented. 
The relationship between the optical inputs and the output signal is established. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Integrated optical filter, VIS-NIR communications, Photonics-based sensors, Optoelectronics  
 
 
 

1. Introduction 
 

Newly developed technologies for infrared 
telecommunication systems allowed the increase of 
capacity, distance and functionality, switching and 
control with the design of new reconfigurable logic 
active filter gates by “bridging the gaps” and 
combining the optical filters properties. Expanding 
far beyond traditional applications in optical 
interconnects at telecommunication wavelengths  
[1-2], the SiC nanophotonic integrated circuit 
platform has recently proven its merits for working 
with visible range optical signals. To enhance the 
transmission capacity and the application flexibility 

of optical communication efforts have to be 
considered, namely the Wavelength Division 
Multiplexing based on tandem a-SiC:H light 
controlled filters, when different visible signals are 
encoded in the same optical transmission path [3-4]. 

In this paper, the shift of the visible range to 
telecom band can be accomplished using the same 
wavelength selector but under near-ultraviolet optical 
bias, acting as reconfigurable active filters in the 
visible and near infrared ranges. These active filters 
act as interface devices that establish the bridge 
between the infrared and red spectral range playing a 
key role to bridging the infrared and the visible 
optical communication technology. They can be used 

http://www.sensorsportal.com/HTML/DIGEST/P_2594.htm

http://www.sensorsportal.com
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to perform different filtering processes, such as: 
amplification, switching, and wavelength conversion. 

After a short introduction, in Section 2, the 
design, characterization, and operation of the device 
are described. In Section 3, the light filtering 
properties are analyzed and in Sections 4 and 5, the 
methodology that supports the visible/infrared tuning 
is presented. In Section 6, an optoelectronic model 
gives insight into the physics of the device and, 
finally in Section 7 the main conclusions  
are presented. 

 
 

2. Device Design, Characterization  
and Operation 

 

The selector is realized by using a double  
pi’n/pin a-SiC:H photodetector with TCO front  
and back biased optical gating elements as depicted 
in Fig. 1. The active device consists of a  
p-i'(a-SiC:H)-n/p-i(a-Si:H)-n heterostructure. The 
thicknesses and optical gap of the front  
i'- (200 nm; 2.1 eV) and back i- (1000 nm; 1.8 eV) 
layers are optimized for light absorption in the blue 
and red ranges, respectively [5].  

Optoelectronic characterization was performed 
through spectral response and transmittance 
measurements without and with steady state applied 
optical bias. The optical bias (φ; background) was 
superimposed using near-ultraviolet Light Emitting 
Diodes (LEDs) (390 nm). Currents between 
0.005 mA and 30 mA were used to drive the LEDs in 
order to change the light flux background. 

 
 

 
 

Fig. 1. Device configuration and operation. 
 
 

Monochromatic (infrared, red, green, blue and 
violet; λIR,R,G,B,V;) pulsed communication channels 
(input channels) are combined together, each one 
with a specific bit sequence and absorbed accordingly 
their wavelengths (see arrow magnitudes in Fig. 1). 
The combined optical signal (multiplexed signal; 
MUX) is analyzed by reading out the generated 
photocurrent under negative applied voltage (-8 V), 
without and with near-ultraviolet background 
(390 nm) and different intensities, applied either from 
front (λF) or back (λB) sides. The device operates 
within the visible/NIR range using as input color 
channels the square wave modulated low power light 
supplied by near-infrared/red (NIR/R: 880 nm-
626 nm), green (G: 524 nm), blue (B: 470 nm) and 
violet (V: 400 nm) LEDs. 

In Fig. 2a, the transmittances from the front and 
back diodes are plotted as well as the transmittance of 
the complete device without any background light. In 
Fig. 2b, the transmittance is displayed under different 
390 nm background intensities. 
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Fig. 2. Transmittances from: (a) front, back and whole 
device, (b) the pi’npin structure under front irradiation,  

with 390 nm irradiation and different intensities. 
 
 

Results confirm the influence of the thickness of 
each front and back diode on the transmittance of the 
whole device. It is interesting to notice that under 
front light irradiation, the transmittance decreases in 
the infrared range as the background intensity 
increases leading to an infrared absorption window. 
 
 

3. Light Filtering Properties 
 

The spectral sensitivity was tested through 
spectral response measurements [6-7] without applied 
optical bias and under 390 nm front and back 
backgrounds of variable intensities. In Fig. 3 the 
spectral gain (α), defined as the ratio between the 
spectral photocurrent with and without applied 



Sensors & Transducers, Vol. 184, Issue 1, January 2015, pp. 123-129 

 125

optical bias, is displayed under near-UV (λ=390 nm; 
Fig. 3a and Fig. 3b) illuminations. In Fig. 3a, the light 
was applied from the front (λF) and in Fig. 3b, the 
irradiation occurs from the back side (λB). The 
background intensity (φ) was changed between 
5 µWcm-2 and 3800 µWcm-2.   
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Fig. 3. Front (a) and back (b) spectral gains (αF,B)  
under λ=390 nm irradiation. 

 
 

Results show that the optical gains have opposite 
behaviors, under front and back irradiations. Under 
390 nm front irradiation (Fig. 3a) and low flux, the 
gain is high in the infrared region, presents a  
well-defined peak at 750 nm and strongly quenches 
in the visible range. As the power intensity increases, 
the peak shifts to the visible range and can be 
deconvoluted into two peaks, one in the red range 
that slightly increases with the power density of the 
background and another in the green range that 
strongly increases with the intensity of the ultra-
violet radiation. In the blue range, the gain is much 
lower. This shows the controlled high-pass filtering 
properties of the device under different background 
intensities. Under back bias (Fig. 3b) the gain in the 
blue/violet range has a maximum near 420 nm that 
quickly increases with the intensity. Besides it 

strongly lowers for wavelengths higher than 450 nm, 
acting as a short-pass filter. Thus, back irradiation, 
tunes the violet/blue region of the visible spectrum 
whatever the flux intensity, while front irradiation, 
depending on the background intensity, selects the 
infrared or the visible spectral ranges. Here, low 
fluxes select the near infrared region and cut the 
visible one, the reddish part of the spectrum is 
selected at medium fluxes, and high fluxes tune the 
red/green ranges with different gains. 
 
 

4. Optical Gains under Transient 
Conditions 

 

Four monochromatic pulsed lights with different 
intensities, separately (400 nm, 470 nm, 697 nm and 
850 nm; input channels) or combined (MUX signal) 
illuminated the device at 12000 bps. Steady state 
390 nm front and back optical bias with  
3000 µWcm-2 intensity was superimposed separately 
and the photocurrent was measured. In Fig. 4a, the 
blue and violet transient signals are presented under 
front and back irradiations while in Fig. 4b the red 
and infrared signals are displayed. 
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Fig. 4. Input signals under front and back 390 nm 
background irradiation. (a) violet and blue channels,  

(b) red and infrared channels. 
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As expected from Fig. 3 the optical gains depend 
strongly on the irradiation side. In Table 1 the 
measured optical gains are displayed.  

 
 

Table 1. Optical gains under 390 nm front (αFront)  
and back (αBack) irradiations. 

 

 λ=400 
(nm) 

λ=470 
(nm) 

λ=697 
(nm) 

λ=850 
(nm) 

αBack 11.6 1.8 0.46 0.44 

αFront 0.9 1.5 4.3 3.5 

 
 
Back irradiation enhances, differently, the input 

signals in the short wavelength range (Fig. 4a) while 
front irradiation increases them otherwise in the long 
wavelength range (Fig. 4b). This side dependent 
effect is used to enhance or to quench the input 
signals allowing their recognition and providing the 
possibility for selective tuning of the visible and IR 
input channels. 

 
 

5. Visible and Infra-Red Tuning  
 

Four monochromatic pulsed lights separately 
(645 nm, 697 nm, 850 nm and 880 nm input 
channels) or combined (MUX signal) illuminated the 
device at 12000 bps. 

Steady state 390 nm bias at different intensities 
(1 µWcm-2< φF,B <3000 µWcm-2) were superimposed 
separately from the front and the back device side 
and the photocurrent was measured. The ratio 
between the photocurrent with and without applied 
optical bias was inferred and the gain for each 
wavelength channel determined.  

In Fig. 5a, 880 nm transient signals at different 
flux irradiation are presented under front irradiations 
and back irradiations and in Fig. 5b for the 645 nm 
channel the diverse gain are also displayed. In Fig. 5c 
the gains for the four analyzed channels are shown as 
a function of the background intensity.  

As expected from Fig. 3, in the red/infrared 
spectral ranges, the optical gain depends on optical 
bias intensity and on the wavelength of the input 
channels. Results show that, even under transient 
conditions and using commercial visible and NIR 
LEDs, the background side and intensity alters the 
signal magnitude of the input channels. Under front 
irradiation, as the light flux increases, the magnitudes 
of all the input channels increases being higher at 
645 nm then at 697 nm, 850 nm or 880 nm. Under 
back irradiation, as the flux intensity increases the 
magnitude of the channels decreases, quickly in the 
visible range and stays almost constant in the infrared 
range. Even across narrow bandwidths, the 
photocurrent gains are quite different (Fig. 5c). This 
nonlinearity provides the possibility for selective 

tuning of the visible and IR wavelengths allowing 
their recognition.  
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Fig. 5. Front (a) and back (b) gains using λ=390 nm 
irradiation at different intensities. (c) Optical gains  

as a function of the background intensity. 
 
 

In Fig. 6a, the MUX signals due to the 
combination of the wavelength channels of Fig. 5 is 
displayed, and in Fig. 6b the MUX signal due to the 
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combination of the channels presented in Fig. 4 is 
also shown, both under front and back irradiation. 
The signals were normalized to their values at the 
maximum flux. On top, the signals used to drive the 
input channels are shown to guide the eyes into the 
on/off channel states. 

 
 

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.3

0.5

0.8

1.0

 697
 645
 880
 850

 3000μW/cm2

 2000μW/cm2

 1000μW/cm2

 100μW/cm2

Back

Front

 

M
U

X
 s

ig
na

l (
a.

u.
)

Time (ms)  
 

(a) 
 

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.6

1.2

1.8

2.4

3.0

Front

Back

Dark

697 
470 
850 
400 

 

P
ho

to
cu

rr
en

t (
μA

)

Time (ms)  
 

(b) 
 

Fig. 6. Front and back MUX signals under front  
and back λ=390 nm irradiation and different  

background intensities. 
 
 

Results confirm that the magnitude of the 
combined signal depends mainly on the channel 
wavelength through its own gain. 

Under front and back irradiation, the gains are 
different, front irradiation enhances the red/infrared 
channels (Fig. 5c) while back light quench them. The 
gains inferred under 3000 µW/cm2 back irradiation 
were respectively α880=0.61, α850=1.03, α697=0.92, 
α645=0.85. 

This nonlinearity allows identifying the different 
input channels in a narrow red/infrared range. The 
390 nm radiation is absorbed at the beginning of the 
front diode and, due to the self-bias effect, increases 
the electric field at the back diode where the 
red/infrared incoming photons (see Fig. 2) are 
absorbed accordingly to their wavelengths (see 
Fig. 3) resulting in an increased collection. Under 

back irradiation, the electric field decreases mainly at 
the i-n back interface quenching the red/NIR input 
signals in different ways. This effect may be due to 
the increased absorption under back irradiation 
(Fig. 2) that increases the number of carriers 
generated by the infra-red photons. So, by switching 
between front and back irradiation the photonic 
function is modified from a long- to a band-pass filter 
allowing, alternately selecting the red or the infrared 
channels, and making the bridge between the visible 
and the infrared regions. 
 
 

6. Optoelectronic Model  
 

Based on the experimental results and device 
configuration a two connected phototransistors model 
(Fig. 7a), made out of a short- and a long-pass filter 
was developed [5] and upgraded to include several 
input channels.  

In Fig. 7b, the block diagram of the optoelectronic 
state model is displayed. The resistors (R1, R2) and 
capacitors (C1, C2) synthesize the desired filter 
characteristics. The input signals, λIR,Rn,G,B,V model 
the input channels and i(t) the output signal. The 
amplifying elements, α1 and α2 are linear 
combinations of the optical gains of each impinging 
channel, respectively into the front and back 
phototransistors and take into account the 
enhancement or quenching of the channels (Fig. 4) 
due to the steady state irradiation. Under front 
irradiation: α2>>α1 and under back irradiation 
α1>>α2. This affects the reverse photo capacitances, 
(α1,2 / C1,2) that determine the influence of the system 
input on the state change. 
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Fig. 7. (a) Two connected transistor model,  
(b) block diagram of the optoelectronic state model. 
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A graphics user interface computer program was 
designed and programmed within the MATLAB® 
programming language, to ease the task of numerical 
simulation. This interface allows selecting model 
parameters, along with the plotting of both bit signal 
and simulated and experimental photocurrent results. 
To simulate the input channels we have used the 
individual magnitude of each input channel without 
background lighting, and the corresponding gain at 
the simulated background intensity (see Fig. 4). 
Fig. 8, presents results of a numerical simulation with 
3000 µW/cm2 front and back λ=390 nm irradiation, 
using in Fig. 8a and Fig. 8b the MUX signals of 
Fig. 6a and Fig. 6b are displayed. In Fig. 8c a 
VIS/NIR combination of λV=400 nm, λG=524 nm, 
λR=697 nm, λIR=850 nm input channels. Here, the 
front gains were αV=0.82, αG=2.85, αR=4.35, 
αIR=3.27 and the back ones, respectively: 11.5, 0.68, 
0.92 and 0.5. Values of R1=10 kΩ, R2=1 kΩ, 
C1=1000 pF, C2=20000 pF were used during the 
simulation process (Fig. 7b). On top of both figures 
the drive input LED signals guide the eyes  
into the different on/off states and  
correspondent wavelengths. 

A good fitting between experimental and 
simulated results was achieved.  

The plots show the ability of the presented model 
to simulate the sensitivity behaviour of the proposed 
system in the visible/infrared spectral ranges. The 
optoelectronic model with light biasing control has 
proven to be a good tool to design optical filters. 
Furthermore, this model allows for extracting 
theoretical parameters by fitting the model to the 
measured data (internal resistors and capacitors) [8].  

Under back irradiation higher values C2 were 
obtained confirming the capacitive effect of the near-
UV radiation on the device that increases the charge 
stored in the space charge layers of the back optical 
gate of Q2 modelled by C2. 

 
 

7. Conclusions 
 

An optoelectronic device based on a-SiC:H 
technology is analyzed. Tailoring the filter 
wavelength in the NIR/VIS was achieved by using 
near-ultraviolet backgrounds and changing the 
irradiation side and intensity. Results show that the 
pi´n/pin multilayered structure functions and 
parameters are reconfigurable under front and back 
irradiation, acting as data selector in the VIS/NIR 
ranges. The device performs wavelength division 
multiplexing (WDM) optoelectronic logic functions 
providing photonic functions such as signal 
amplification, filtering and switching. The opto-
electrical model with light biasing control has proven 
to be a good tool to design optical filters in the 
VIS/NIR. An optoelectronic model was presented 
and proven to be a good tool to design optical filters 
in the VIS/NIR range. 
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Fig. 8. Numerical simulation with front and back  
λ=390 nm irradiation, and different channel  

wavelength combinations. 
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Abstract: This paper presents a new approach for measuring physical variables on micro-electronic 
components. An optical system is used to simultaneously quantify the surface temperature of a component and 
its expansion. This double acquisition is realized by a Michelson interferometer coupled with a Charge Coupled 
Device (CCD) line device. To validate this method, the temperature measurements were directly compared with 
the results obtained by an infrared camera and by a measurement of variation of I (V). The displacement 
measurements were compared with those obtained by a laser 3D vibrometer, whose physical principle is 
completely different. Consistent results were obtained regarding the different techniques. Copyright © 2015 
IFSA Publishing, S. L. 
 
Keywords: Thermal measurement, Laser, Electronic components. 
 
 
 

1. Introduction 
 

Modern telecommunications and radar systems 
require the development of increasing Radio 
Frequency (RF) power. The new generation of 
electronic power transmitters uses solid state 
technology (GaAs, LDMOS, GaN) transistors. To 
properly manage parameters, such as size, weight 
and cooling requirements, these components have to 
improve many other parameters, such as electrical 
efficiency and power density while maintaining a 
high level of reliability and miniaturization. Because 
of these constraints, the behavior of these 
components that are subject to high thermal stress, is 
increasingly difficult to characterize. There is 
currently a high demand to fully understand the 
impact of thermal parameters on overall performance 
and lifetime. This is why it has become essential to 
develop measurement tools that characterize these 
kinds of phenomena. 

In literature, many technologies are very efficient 
to extract different types of parameters separately. 
Some methods use a measurement of Vbe on a small 
cycle of the signal to extract the average junction 
temperature [2]. Others place thermal sensors directly 
in power Print Circuit Board [5]. The micro-Raman 
spectroscopy combined with infrared technology 
provides accurate thermal values [1], [7]. Using 
nematic liquid crystal thermography is very efficient 
for specific emissive components [4]. Thermo-
reflectance imaging using specific wavelengths 
measurement allows thermal changes measurements 
over large time scales [8]. It is possible to reach very 
high thermal resolutions with an Optical Time 
Domain Reflectometer coupled with a Michelson 
interferometer [3]. Finally, speckle interferometry 
provides data on the physical deformation of a 
component subjected to thermal stress [6]. 

In this state of the art, all the methods aim at 
providing unique physical data for a device. 
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However, integrating temperature and expansion 
makes it possible to estimate the dilatation factor of 
the constitutive material of a power electronic device. 
In fact, this parameter provides valuable information 
in the study of the degradation of electronic 
component under stress. 

This paper also suggests a method for measuring 
simultaneously temperature and expansion of micro-
electronic components [11]. The first part presents 
the optical structure of our bench and the physical 
data measured to estimate temperature and 
expansion. The second part describes the particular 
optical calibration process. The third part details the 
specific sensor we used to transfer the interferometric 
information to the acquisition device. At last, test 
devices and results obtained are proposed and 
discussed in relation with other 
thermometric/expansion methods. 

 
 

2. Optical System 
 

The system is based on a Michelson 
interferometer [6], as presented in Fig. 1. The beam 
produced by a laser is split into two separate paths. 
The measuring path uses the device under test and 
the reference path is reflecting on a plane mirror. The 
interferometric pattern (see Fig. 2), which is the sum 
of the two branches, passes thereafter through a long 
focal lens. 

 
 

LASER

DUT

Mirror

d

MirrorSpli er

CCD Sensor

Long Focal Lens

Small Focal Lens

 
 

Fig. 1. Structure of the interferometer. 
 
 

A Charge Coupled Device analyses the 
interference pattern, contrary to conventional 
interferometers that are using a single point 
measurement. This feature allows to measure two 
parameters: the displacement and amplitude of the 
interference fringes. This makes our method 
completely unique. Thereafter, these parameters are 
used to determine respectively the expansion and 
temperature of the component (see Fig. 3). 

The distance between the lens and the sensor is 
adjusted to take the inter-pixel distance into account. 

A polynomial interpolation is applied to ensure an 
efficient filtering of the recovered electrical signal 
without altering the important data (see Fig. 4). 

 
 

 
 

Fig. 2. Interference pattern. 
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Fig. 3. Fringes changes according to expansion  
and temperature. 
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Fig. 4. Fitting to 13th degree polynomial. 
 
 

2.1. Temperature Measurement 
 

The temperature is calculated from the amplitude 
of the interference fringes obtained. Indeed, the 
reflectance of the material depends on the 
temperature encountered through its refractive index 
according to the equation: 
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where R(T) denotes the reflection coefficient, n1 and 
n2 are the refractive indices of the materials 1 and 2, 
respectively. Under these conditions, the intensity for 
each point of the interference pattern (perpendicular 
to the optical axis z) is affected by the  
reflection coefficient: 
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where φ1(x, y) and φ2(x, y) are the local phases  
of the waves 1 and 2, deducted from the  
following equation: 
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In this equation, W0 is the waist diameter of the 

original Gaussian beam, zn is the local arm length,  
k is the propagation constant and R(zn) is the radius 
of curvature of the beam at zn. This equation justifies 
the circular shape of the interference pattern on the 
observation plane. The amplitude of the interference 
(the third term of Equation 2) is increasing linearly as 
a function of the reflection coefficient. By measuring 
changes of contrast of the interference fringes, or 
measuring the peak to peak values of the fringes, it is 
also possible to measure the temperature of  
the component. 

 
 

2.2. Dilatation Measurement 
 

The expansion of the component is determined by 
measuring the displacement of the fringes of the 
interference pattern. The phase shift induced by the 
expansion causes a shift in the interference pattern. 
The circular fringes move outwardly in the case of 
expansion and inwardly in the case of a contraction. 

For a contraction of 10 μm, the fringes move a 
few millimeters. Simultaneously, these fringes have 
their width changed. The expansion can either be 
determined by observing the displacement or the 
width of the fringes. 
 
 
3. Calibration Method 
 

The system is calibrated with a raw wafer of 
silicon. The ideal surface of the material allows an 
easy implementation of the interferometer system. 

The wafer is thermally excited by a Peltier 
module. The temperature induced by this module is 
directly measured by the voltage Up at its terminals. 

Indeed, the temperature difference ∆T provides by 
the Peltier module is in relation with its electrical 
characteristics according to the equation:  

 
. .

.
p pU n R I

T
n α

−
Δ = , (4) 

 
where n is the number of cells in the module, R the 
resistivity of the module, Ip the module current and α 
the Seebeck coefficient. 

The expansion is calibrated by comparing it with 
that obtained by an industrial laser Doppler 
vibrometer at a frequency in convenience with the 
characteristics of the interferometer (frequency not 
exceeding a few Hz). 
 
 
4. Acquisition 
 

During the thermal excitation, the cross-sections 
of interference pattern are acquired by the CCD line 
sensor. This sensor transfers 1024 points within a 
period of 1.7 ms. The analog video signal is 
converted by a National Instrument acquisition unit 
that has a depth of 24 bits and a sampling rate of 
100 kS/s. The recovered data are thereafter processed 
with LabVIEW [9] to compute displacements and 
amplitudes of fringes at the maximum rate of the 
acquisition unit. 

Speckle phenomenon in interference pattern 
brings noise in video signal and reduced overall 
measurement accuracy. A polynomial fitting of 13 th 
degree is first performed to improve the quality of 
the signal. A detection algorithm follows this 
filtering to determine the peak amplitude of the 
fringes. The temperature is determined from this 
peak after a calibration process. 

Measuring displacement of the fringes (and also 
the dilatation of the component) is more complex, 
because fast moving fringes can be processed as 
appearing or disappearing (see Fig. 5).  
 
 

Fast displacement
Slow displacement

Capture window  
 

Fig. 5. Fringes displacement modes. 
 
 

These changes have an important impact on the 
result. A suitable algorithm allows such a monitoring 
and takes efficiently into account such phenomena. 
The overall process is not real-time: the data are 
processed after acquisition for avoiding slowing 
acquisition with computing times. 
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5. Test Devices 
 
Three test components were investigated in order 

to highlight the characteristics of the temperature 
measurement on the one hand, and of the dilatation 
on the other hand. 

The component used for temperature 
measurements is an integrated preamplifier that was 
opened by laser ablation and chemical attack. This 
component comprises an ElectroStatic Discharge 
(ESD) diode that allows in situ measurement of the 
component temperature. As it is a complex integrated 
circuit, an externally controlled Peltier cell [10] was 
used to heat the component. 

The components used for the dilation action were 
a 14×3 cm aluminum blade simulating a real board 
used in radar systems (the size of this board allowed 
to use a miniature shaker) and a classical bipolar 
darlington transistor self-heating under static 
polarization. The first component enables a 
comparison with another measuring device 
(vibrometer) as the second highlights the transient 
possibilities of the interferometer.  
 
 

6. Results 
 

6.1. Temperature 
 

The temperature measurements on the test 
component were validated by two measurement 
systems: an internal measurement with an ESD diode 
and a measurement carried out by a dedicated Infra-
Red camera. 

The ESD diode was polarized to a constant 
current so as to generate a voltage near the threshold 
voltage. This bias point limits the self-heating of the 
diode. Locally, the changes in the voltage V are a 
quasi-linear function of the temperature T in °C: 

 

T = 1280,6 × V - 156,43 (5) 
 

This equation is corresponding to the calibration 
curve on the real component, obtained by comparison 
with a thermocouple (see Fig. 6). 

 
 

 
 

Fig. 6. T(V) with constant current for an ESD diode. 

The second set of measurements was performed 
using an infrared camera for electronic components. 
The camera was corrected for emissivity at 20 °C. 

The interferometer measurement was not 
performed simultaneously due to the lack of space 
above the device under test. However, the physical 
conditions (heat rise) were identical. 
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Fig. 7. Result for a long temperature rise  
with the three methods. 

 
 

These results show a good correspondence 
between the three techniques, even if the 
interferometer has a measurement uncertainty (see 
Fig. 7). These errors (±10 °C) are due to 
measurement conditions that were not optimal on the 
component under test. A better mechanical isolation 
should limit these effects. Moreover, one must keep 
in mind that the detection area is very small for the 
interferometer, whereas detection areas for the other 
techniques are larger. A larger area obviously brings 
an averaging effect. The error of 15 °C at 100 s 
between IR camera and ESD diode is due to an 
emissivity compensation problem. This gap on the 
infrared camera could be removed efficiently by 
using black paint on the component to compensate 
the emissivity of the emitting surface. 

 
 

6.2. Dilatation 
 
The first result shows the dilation for a power 

darlington transistor supplied with a current of 5 A 
(Vce=1,5 V) during 10 s and then relaxed in power. 
Fig. 8 presents the dilation measure on the chip of the 
transistor (case TO3 opened). The purpose of this 
measure is to show the changes in dilatation and is 
also not calibrated (y axis is in Arbitrary Units). The 
curve in Fig. 8 shows logically a fast exponential 
progression (heating) and then a slow exponential 
relaxation (colding to ambient). This result is also in 
a good accordance with the physical phenomena, 
which are involved. 
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Fig. 8. Dilatation for the bipolar transistor. 
 
 

The goal of second measure here was to measure 
the ability of the interferometer to reach high 
frequencies and thus to provide a possible recovery 
operation range with Polytech vibrometer PSV400. 

Comparative measurements were made 
sequentially to solve practical issues of space above 
the component to be tested. For each measurement, 
conditions were the same: aluminum board was 
subjected to a shaker controlled by 1 kHz sine signal 
bursts whose repetition frequency varied between 
5 Hz and 35 Hz. The resulting signals were processed 
by time FFT and compared in Fig. 9. 

 
 

 
 

Fig. 9. Comparison of the amplitudes measured  
with the two systems. 

 
 

This figure shows the results for the two systems 
are quite consistent with the curve of mechanical 
response of the shaker. The average uncertainty of 
the vibrometer depends on working frequency and is 
about 1 % on the frequency range 5 Hz-35 Hz. 
Beyond this overall trend, both techniques show very 
similar results, despite very important differences in 
their physical principle. In fact, the interferometer is 
limited at high frequencies by the sampling due to 
CCD sensor. In the same time, the Doppler 
vibrometer principle implies that a minimum 
frequency is required for the detection to take place. 

7. Conclusion 
 
The bench that we built enables to simultaneously 

acquire surface temperature and expansion of an 
electronic component. These measurements are made 
on the fringes of the interference pattern resulting 
from a Michelson interferometer. 

In this pattern, two important parameters are 
extracted. On the one hand, the displacement of the 
fringes relative to the center of the interference 
pattern provides useful information regarding the 
thermal expansion of the component. On the other 
hand, the variation of the intensity of the fringes is 
due to changes in reflectance of the observed surface. 
These changes are due to the variations in the 
refractive index as a function of temperature. The 
intensity of the fringes therefore indirectly provides 
the temperature of the component. Our method 
allows to de-correlate two quantities linked 
physically. This makes it possible to evaluate specific 
mechanical parameters of the component like its 
expansion coefficient. 

This simultaneity is obtained using a CCD line 
sensor. Adjusting the position sensor and optimally 
setting the focusing lens system allow adaptation to 
different contexts. 

Our system was compared to other systems for 
measuring temperature and another system for 
measuring dynamic displacement. This separated 
temperature/ expansion comparison was inevitable 
because unlike ours no system can simultaneously 
measure these parameters. These results show a good 
correspondence of our method with others, which 
makes it valid and promising. 
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Abstract: Measuring icing load and icing rate are important parameters for an atmospheric icing sensor. A new 
icing sensor has recently been designed and developed at Narvik University College for measuring atmospheric 
icing rate, icing load and icing type. Unlike the existing atmospheric icing sensors commercially available in 
market, which uses the axial loading for measuring icing load and icing rate, this new sensory system measures 
icing load and icing rate using the torque loading physics. The performance of this new icing sensor has been 
tested and validated at cryospheric environment simulator Japan. This research work focus upon the lab based 
experimentation and evaluation of axial loading and torque loading sensory physics during an icing event. 
Results show a significant performance difference between torque and axial loading physics for atmospheric 
icing sensors. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Atmospheric icing sensor, Icing load, Icing rate, Axial loading, Torque loading. 
 
 
 
1. Introduction 

 

1.1. Atmospheric Ice 
 

Atmospheric icing primarily occurs due to the 
accretion of ice on structures or objects under certain 
conditions. Generally an icing event is defined as 
periods of time where the temperature is below 0 oC 
and the relative humidity is above 95 %. Ice accretion 
can be defined as, any process of ice build up and 
snow accretion on the surface of objects exposed to 
the atmosphere [1]. Liquid below 0 oC is called 
supercooled liquid, which creates atmospheric icing. 
This accretion can take place either due to freezing 
precipitation or freezing fog. It is primarily freezing 
fog that causes this accumulation, which occurs 
mainly on mountaintops, which is particularly 
dominant in Norway [2]. It depends mainly on the 
shape of the object, wind speed, temperature, liquid 

water content (amount of liquid water in a given 
volume of air) and droplet size distribution 
(conventionally known as the median volume 
diameter). Sometimes ice crystals have a thin coating 
of water even at temperatures well below freezing, 
which form clouds. These ice crystals join together to 
form flakes and reach ground as snow via air passage 
with temperature less than zero [3]. Snow crystal 
forms when tiny supercooled cloud droplets (about 
10[m] in diameter) freeze. However, if the outer 
coating of water freezes of the combined ice crystals 
during its path via an air passage with temperature 
less than zero then they form snow pellets, which are 
sometimes called as graupel. Also, if there is a hot 
layer of air just below the cold layer of air then they 
reach ground as sleet. Sometimes these small droplets 
with water coating are not successful in combining 
with other droplets and they get affected by the 
surrounding air currents but eventually they fall on 
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the surface, they are called drizzle, which is different 
than fog as it doesn't fall. Drizzle drops are of 
0.5[mm] but drops larger than this are raindrops. Hail 
is another form of ice. Ice crystals when drop towards 
the surface they are sometimes passed through very 
moist air passage due to which they are coated with 
liquid water, which by strong wind is moved upward 
where water freezes and then they move down and 
get covered by liquid water and then moves up to 
become solid. This process is continued and then it 
becomes to fall. Cloud formation is motivated by a 
seed or crystalline skeleton on which very tiny, 
supercooled water droplets can freeze to form 
snowflakes or soft ice (graupel). Naturally, these 
seeds are random particles of soil, dust, sand, and 
salt. Artificially they are of two types glaciogenic 
(ice forming e.g., silver iodide or dry ice crystal) or 
hygroscopic (water attracting e.g., small salt particles 
as potassium chloride) [4]. 
 
 
1.2. Applications of Atmospheric Icing 

Sensors 
 

Atmospheric icing is a natural phenomenon, 
which cannot be avoided in Cold Regions. However, 
it definitely has some physical loading characteristics 
on human activities and their associated inventories. 
On the basis of its loading aspects we can distinguish 
the effects of atmospheric ice on three classes [4], 
which are: 

i. Static Loads: Atmospheric ice, particularly 
(rime and glaze) is when deposited on some static 
structure, it increases its mechanical weights. Hence 
it constrains, the design characteristics (particularly 
factor of safety) of any civil or mechanical structure 
to be developed in Cold Regions. 

ii. Dynamic Loads: This atmospheric ice, when 
deposited on the dynamic structures e.g., free 
dynamic structure as like power cables and motorized 
dynamic structures as like wind turbines or 
automobile or ships/boats create additional dynamic 
loads on these surfaces, which need to be overcome 
by either anti/de icing techniques in case of free 
dynamic structures or through increasing the power 
delivered to such systems. 

iii. Wind Action on iced structure: }It is expected 
that if the structure is iced, its effective geometry will 
be altered, which in turn reduces the aerodynamic 
efficiency of structures. This additional drag cannot 
be completely controlled, however efficient anti/de 
icing techniques through a good feedback from 
atmospheric icing sensor may reduce the losses. 

Atmospheric ice can be a big problem for 
different industries working in Cold Regions. The 
potential affected stakeholders can be [4]: 

i. Wind Turbine Industry: One can improve the 
efficiency of Wind Turbines by installing an 
atmospheric icing sensory network, which should 
control turbine pitch by providing feedback to filter 
out the atmospheric icing loading and rate errors. 

ii. Oil and Gas Industry due their Onshore and 
Offshore Installations: These sensors can be utilized 
in the big installations of oil and gas platforms in 
Arctic Region. The output from these sensors can be 
a good feedback for active monitoring of atmospheric 
icing activities and its remedies through a good 
anti/de icing system. 

iii. Automobiles Industry: In Automotive industry 
these sensors are required to be installed in order to 
sense the real time atmospheric icing activity on the 
road surfaces. These sensors can be interconnected 
with the Road Services via GPS so that accelerated 
responses for road maintenance can be conducted. 

iv. Power Industry due to the ice on the long 
power networks: On power networks, one cannot 
completely calculate the icing load (which can be 
very critical). This load if it remains on the power 
line can be less dangerous than if it suddenly falls its 
reaction can damage the system. However, active 
monitoring of icing rate and icing load may reduce 
this problem if it is connected with some semi active 
dampers (e.g., magnetorheological damper) mounted 
on the power cable connections on the pole. 

This research work has been presented in 
Sensorcomm 2014 [5] and an extended version is 
now submitted. This paper is divided in five sections. 
In section II, it is aimed to discuss the atmospheric 
icing load measurement techniques through 
International Standards/Recommendations and some 
details about the commercially available atmospheric 
icing load sensors along with their necessary physics. 
Section III deals with the torque loading basics and 
the need to utilize this technique for measuring 
atmospheric icing load and rate. Section IV starts 
with an introduction of Cryospheric Environmental 
Simulator and leads towards performing series of 
experiments to validate the usefulness of torque 
loading over axial loading. The concluding section V 
is divided into smaller parts to comment on various 
aspects of experimental results. 
 
 

2. Atmospheric Icing Load Measurement 
 

To design a new atmospheric icing sensor, in 
order to measure icing load and icing rate, it is 
important to understand the existing atmospheric 
icing rate and icing load sensors. Power requirements 
for the removal of snow and ice is different hence to 
distinguish between snow and ice can be considered 
to be a limiting factor for de-icing system, because 
most devices for the removal of snow are normally 
ineffective for the efficient removal of ice or hard 
packed snow [6]. It is therefore important to 
distinguish between different types of atmospheric 
ice. Presently as found, there are commercially 
available atmospheric icing load sensors, which are 
only based upon axial loading physics e.g., Ice Load 
Monitor and Ice Meter [7]. 

As recommended in international standard ISO 
12494 [1], a standard way of measuring ice accretion 
is to measure the load of atmospheric ice on a steel 
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rod that is 0.5 m high (1 m if heavy icing is expected) 
and has the diameter of 30 mm. The rod must be 
freely rotating or forced to rotate, if required. When 
ice accumulates on the steel rod, aerodynamic drag 
will cause it to rotate in the case of free rotating icing 
load monitor, always facing the least amount of the 
iced part towards the wind. This doubling of length 
of the steel rod due to heavy icing is primarily aimed 
to uniform the drag distribution along its profile. By 
measuring the weight of the iced steel rod with the 
help of load cells, the amount of ice that has accreted 
can be determined. Two ice sensors (ice monitor & 
ice meter) have been developed on the basis of this 
technique. 

The following sections describe these two 
sensors. However, till date none of the atmospheric 
icing sensor is utilizing torque loading physics, which 
is also recommended in ISO 12494 [1]. 
 
 
2.1. The Ice Monitor 
 

The Ice Monitor measures the mass of 
accumulated ice gravimetrically. The working 
element is a freely rotating steel pipe resting on a rod 
placed on a load cell. As ice accumulates on the 
freely rotating steel pipe, the ice load is weighed by 
the load cell, see Fig. 1. The Ice Monitor is 
manufactured by SAAB Technologies and was 
initially developed for power line surveillance 
systems. It can measure the rate because the readings 
from the load cell are recorded with time. The  
Ice-Monitor is not able to detect ice over a wide area 
and cannot distinguish between the two types of  
in-cloud icing. 
 
 

 
 

Fig. 1. Ice Load Monitor [8]. 
 
 

2.2. Ice Meter 
 

The ice meter was developed by the Institute of 
Atmospheric Physics, Prague, Czech Republic. It 
measures the mass of icing accumulated on the 
surface of the collector. It has a horizontal rod, which 
is coupled with a cylindrical collector to the 

tensometric. The cylinder is orientated vertically in 
order to eliminate the detection of wet snow as much 
as possible but the orientation of this cylinder can be 
changed to horizontal, if required, see Fig. 2. In this 
sensor, the mass of accumulated ice is measured by 
means of a tensometric bridge (strain gauge load 
sensor) the output of which is tied to the precise AD 
converter. The digital signal is preprocessed by a 
micro-controller, which assigns the time and stores 
the data into the device memory. In order to prevent 
the freezing of the horizontal rod, which couples the 
cylindrical collector to the tensometric, which is 
located together with the electronics in the housing. 
The passage through the housing may be heated 
depending on the passage temperature. A test 
electromechanical impulse is applied each hour to 
verify the free force transition to the tensometric, and 
thus to check whether the acquired data are reliable 
or not [9]. 
 
 

 
 

Fig. 2. Ice Meter [9]. 
 
 
2.3. Study of the Physics of Axial Load Based 

Ice Sensing Methodology 
 

The load is normally described by the way they 
are applied. If the line of action of the loads is 
applied parallel to the surface they are called shear 
loads and when they are applied perpendicular to the 
surface they are called axial loads, see Fig. 3. 
Although there are many techniques to measure these 
loads but the most common are associated with 
piezoelectric sensor and strain gauge sensing 
elements. 
 
 

 
 

Fig. 3. Axial and Shear Load: (a) Typical clevis joint,  
(b) FBD of bolt, (c) FBD of section mnqp. 
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2.4. Piezoelectric Sensing 
 

This sensing technique works by converting the 
force or strain by converting it into electric charge. 
Its primary application is in the vibration industry, 
however it can also be used for load sensing (Fig. 4). 
Piezoelectricity is a property, which is possessed by 
some materials, which is activated when are acted by 
some force. Piezoelectric materials have a 
recoverable strain of 0.1 % under electric field; they 
can be used as sensors. They may be polymers (e.g., 
polyvinylidene fluoride PVDF) or ceramic materials 
(e.g., Lead Zirconate Titanate PZT). If you apply a 
static force to a piezoelectric force sensor, then the 
charge output generated initially will leak away and 
the output of the sensor will ultimately return to zero. 
This discharging rate of the charge is exponential and 
is based on the sensor's discharge time constant DTC. 
Mathematically the charge characteristics can be 
described as [10], 
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where Qx is the amount of charge stored in the 
piezoelectric material due to the orthogonal force Fy, 
a and b are the characteristic dimensions of the sensor 
parallel and orthogonal to the Fy respectively, dxy is 
the characteristic piezoelectric coefficient (or 
calibration coefficient of the material), q is the 
instantaneous charge, R resistance prior to amplified 
and C is the total capacitance prior to amplifier. 
 
 

 
 

Fig. 4. Piezoelectric Sensing [10]. 
 
 
2.5. Strain Gage Sensors 
 
This technique is more suitable for precise 
measurement of static loads or quasi dynamic loads. 

Within the elastic limits of the material, when a stress 
is applied to an electric conducting material its 
electrical conductance Rx changes due to the change 
in its geometry. This change in conductance is then 
further measured using a Wheatstone bridge (special 
combination of resistors), which is then further used 
to measure the load. The resistance change in the 
Wheatstone bridge delivers a voltage, which deliver 
the strain and hence the force. This special 
combination of Wheatstone bridge is shown in Fig. 5. 
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(a) Wheatstone Bridge [11] 
 

 
 

(b) Strain Gauge [12] 
 

Fig. 5. Strain Guage Sensor and Sensory System. 
 
 
 
 
 
 
 

 
 
This concept has been utilized in the Ice Load 
Moniter Sensor by SAAB Technologies. 
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2.6. Problems with existing Ice Load and 
Icing Rate Measurement Systems 

 
The icemeter has been operated on the Milesovka 

peak in Czech Republic [1]. Although icemeters 
installed in the site measured correctly most of the 
time, but there were also some time periods when the 
instruments gave obviously wrong negative values. 
These times can usually be associated with the 
periods when the horizontal rod coupling the 
tensometric with the vertical collector became 
icebound to the instrument housing. Thus there was 
no free force transition, which can be identified by 
not observing a proper electromechanical pulse in the 
data. The following changes are expected to be made 
in icemeter for its better performance, 

i. Possibility to build an instrument with rotating 
collector. 

ii. Focus on sensors that measure accumulated 
icing. 
 
 
3. Torque Measurements 

 
An analytical expression between mass moment 

of inertia and the supplied current (Eq. 6) was 
developed (for more see Mughal et. al. [13]), 

 
J  aI   bin  , (6) 

 
where 3/in ma V   and 3/ mb    will be 

constant. The Eq. 6 relation was further modified to 
take the form Eq. 7 in order to compare the results of 
this new sensor with a standard ice load sensor. 

 
( )ice in icem A I B   ,

 (7) 

 
where 2

iceA a R  and 2( )in iceB aI J b R   . The 

Eq. (7) is named as MuVi Current-Mass Relation. 
 
 

3.1. Requirement of Torque Loading 
 
As it is understood from [14] that presently there 

is no atmospheric icing sensor in the commercial 
market that can measure the icing load, which is 
uniformly distributed along the sensory surface. All 
the commercially available sensors (e.g., Ice Load 
Monitor), measure the non uniform loading on a 
freely rotating surface, however it is recommended in 
[14] that a rotary sensory system will be more 
suitable. A new sensor has been developed by the 
authors to measure icing load and icing rate. This 
sensor is based upon the rotary dynamics where the 
collector rotates at a constant speed in order to allow 
ice to uniformly distribute around the rotary 
collector. 

4. Cryospheric Environment Simulator 
CES, Shinjo Japan 
 
Cryospheric Environmental Simulator is an 

experimentation facility of NIED at Shinjo, Japan. 
They provide the capacity to perform basic and 
applied studies related with snow and ice disasters 
using a snow fall machine and icing wind tunnel. For 
this experimentation to evaluate the performance of 
this new sensor, Cryospheric Environmental 
Simulator [15] was the most suitable choice, which 
had the facility to test this sensor both in Icing Wind 
Tunnel and Snow Simulator. The facilities and 
specifications of CES are provided in Table 1, which 
are taken from [15], 
 

 
Table 1. Facilities and Controllable Parameters in Cold 

Room at CES, NIED Japan. 
 

  
 

 
5. Calibration of Ice Load Monitor and 

MuVi-Graphene 
 
5.1. Ice Load Monitor 
 

It is found that this standard sensor have never 
been tested in any standard icing tunnel or snow 
simulator as like Cryospheric Environmental 
Simulator and if it is tested then it is not 
published/reported. The Ice Load Monitor delivers a 
current output as a measure of icing load. This sensor 
was calibrated at Narvik University College and the 
calibration equation is given by Eq. 8. For more 
details on this calibration, see Mughal and Virk [16]. 
 

0.0017 4.435ILMcal
I m   (8) 

 
 
5.2. MuVi Graphene 
 

This was calibrated using standard rotary masses 
on the sensor shaft and measuring the output current 
as a measure of mass moment of inertia. The 
electronic setup for calibration can be seen in Fig. 6c. 
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The calibration equations thus obtained is given  
by (Eq. 8) (for more details on this, see Mughal et.  
al. [13] 
 

72.91 10 328.64MuVical
I J   ,

 (9) 
 

where J is in g mm2 and Imeasured is in mA. 
 
 

5.3. Experiment Performed at CES, Japan 
 

The experiment was performed in Icing Wind 
Tunnel using three different sensors, arranged on the 
sensory table as can be seen in Fig. 6 where Sensor 1 
is the rotary sensor with complete electronics of this 
new sensor, Sensor 2 is the additional sensor, which 
is just a geometric shape to understand the deposition 
of atmospheric ice in order to optimize the non rotary 
parts parts of new sensor. The experimental 
conditions during the experiment can be seen in  
Table 2, which is followed by Fig. 7 reflecting the 
measurement setup. The graphical results of this 
experiment are shown in Fig. 8 [4]. 
 
 

 
 

(a) Experimental Table – Top View. 
 

 
 

(b). Experimental Table – Side View 
 

 
 

(c). Electronic Setup of Experiment 
 

Fig. 6. Experimental Setup at CES, Japan. 

Table 2. Experimental conditions for experiment 1. 
 

 
 
 

 
 

(a). Sensors Arrangement in Icing Tunnel - Front View 
 

 
 

(b). Sensors Arrangement in Icing Tunnel - Side View 
 

Fig. 7. Experimental Setup in Icing Tunnel. 
 
 
The icing rate on this new sensor can be 

determined using the Eq. 10 whereas the icing rate on 
Ice Load Monitor can be determined using the 
relation Eq. 11. The associated curves for these 
equation are shown in Fig. 8, which clearly reflect 
that this new sensor, have more capability of holding 
uniform distribution of atmospheric ice then a freely 
rotating Ice Load Monitor. Also, the manufacturers of 
Ice Load Monitor claim that after 40  gm their sensor 
will be able to predict icing load and icing rate and as 
found by experiments this 40 gm on ice load monitor 
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is collected in around 30 min whereas the same  
40 gm of mass on new sensor is collected in first  
5 min and that too uniformly. This uniform 
distribution is very important for additional mass 
moment of inertia on the sensor to deliver additional 
current as a measurable quantity. The calibrated 
relation between mass moment of inertia and current 
loading is given by Eq. 9 whereas the experimental 
mass moment of inertia and current loading equation 
is given by Eq. 12 and graphical results are shown in 
Fig. 8b. The experimental section was bounded by 
walls (in icing wind tunnel), and it may be one of the 
possible reason of deviation between calibrated and 
experimental I-J Relation but nevertheless this can be 
adjusted through proper calibration. The additional 
mass and additional current calibrated equation of Ice 
Load Monitor is given by Eq. 8 and the experimental 
relation is given by Eq. 13 and the results are shown 
in Fig. 8c. These results of Ice Load Monitor shows 
that for a mass range of 0 to 500 gm the current 
variation is around 4.5 to 5.3 mA ideally and 5 to  
6.8 mA experimentally, which have more potential of 
noise interference. The mass current relation of this 

new sensor was also determined experimentally and 
is given by Eq. 14 and the graphical representation 
can be seen in Fig. 8d. This equation of this new 
sensor was then compared with the Eq. 13, which 
clearly reflect that this new sensor for a mass domain 
of 40 to 800 gm was having a current range of 0 to 
150 mA, which is quite reasonable to filter noise and 
other calibration errors. The R2 value reflects that 
linear relations of experimental of this new sensor are 
96 % whereas for Ice Load Monitor this value is  
88 % linear. 
 

4.480 54.519MuVim t    (10) 
 

2.716 54.725ILMm t    (11) 
 

62.84 10 349.87MuViexp
I J    (12) 

 

0.0031 5.259ILMI m    (13) 
 

0.1936 7.21newsensorI m    (14) 

 
 

 
 

(a). Atmospheric Ice Growth Rate (Mass-Time Curve) 
 

 
 

(b) Current – Mass Moment of Inertia Curve (I-J Curve) of New Sensor at 6 rpm 
 

Fig. 8 (a, b). Graphical Results of Experiment 1 in Icing Wind Tunnel. 
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(c) Current – Mass (I-m Curve) of Ice Load Monitor 
 

 
 

(d) Additional Current – Additional Mass (I-m Curve) 
 

Fig. 8 (c, d). Graphical Results of Experiment 1 in Icing Wind Tunnel. 
 
 

 

 

(a). Ice deposition on ILM (b). Ice deposition on MuVi 
 

Fig. 9. Experimental 1 Results at CES, Japan. 
 
 

6. Concluding Discussions 
 
6.1. RPM Fluctuations 
 

The rotational speed of this sensor was selected to 
be 6 rpm. It is found that if the rpm was 5 there were 

current fluctuations in the range of mA during 
rotation without any change in load. Also, during 
experiment it was found that if the rpm was increased 
to 8 chances of non uniform deposition of ice on the 
sensor, which may lead to additional errors. 
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6.2. Sensitivity 
 

The results of experiment clearly reflect that new 
sensor provide sufficient deposition of atmospheric 
ice at an optimized rpm of 6. Also, the current range 
to measure icing load and icing rate is quite 
reasonable to determine the required parameters. This 
new sensor is more sensitive than Ice Load Monitor 
because if it is said that 40 gm of mass for Ice Load 
Monitor as the starting mass for new sensor than it is 
collected within first 5 to 10 min on new sensory unit 
and it is more than 30 min for Ice Load Monitor. The 
reason of this mass deposition is due to the rotary 
physics associated with new sensor and the surface 
area of Ice Load Monitor is around 50 to 103 [mm2] 
and new sensor is around 112x103 [mm2]. 
 
 
6.3. Saturation 
 

The saturation limit for the motor was adjusted to 
be around 1 A. If the demand in current from the 
rotary unit of new sensor exceeds 1 A than the motor 
would stop. The maximum mass for new sensor was 
tested for a mass of 800 gm for a time period of  
170 min and it is found that new unit have still more 
potential to hold the ice mass. 
 
 
6.4. Performance 
 

The sensor has been tested in the Cryospheric 
Environmental Icing Simulator at a temperature of  
-15 oC and have performed satisfactory without any 
error signal. This sensor have not been tested in the 
field, however it is aimed to test this sensor in the 
field in the upcoming Winter 2014-15. The 

calibration error may have been associated with the 
poor performance of the sensor, however this have 
been true if the results of experiment were not linear. 
The experimental results show that the new sensor 
has a good performance potential than Ice Load 
Monitor, however Ice Load Monitor is already in use 
by industry in the field whereas new sensor still has 
not yet been commercialized. 
 
 
6.5. Error Diagram 
 

The error diagrams of experiment 1 reflect that 
new sensor have very low error in the start but it 
increases linearly due to the deviation between the 
experimental slope and calibrated slope of new 
sensor but nevertheless it can be improved by 
adopting proper calibration. The error is calculated 
using the Eq. 14 
 

exp% 100cal

cal

I I
Error

I


   (14) 

 
The error diagram of Experiment between new 

sensor and Ice Load Monitor as calculated by is 
shown in Fig. 10. The error results shows that the % 
error range of new sensor is starts from 0 % and 
increases linearly because experimental slope of  
J-I Relation of new sensor Eq. 12 is one order higher 
than the calibrated slope of Eq. 9. The error on Ice 
Load Monitor is around 10-30 %. These all results 
reflect new sensor as a good solution for measuring 
Icing and Snow Load Rate if properly calibrated as it 
has more potential to deposit ice and give reasonable 
reading count, which is required to filter the cold 
climate current errors. 

 
 

 
 

Fig. 10. Experiment 1 Percentage Error Diagram. 
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Abstract: The atmospheric icing parameters are being measured nowadays with the aid of more customized yet 
limited commercial equipment. The parameters include atmospheric ice detection, icing load and icing rate. The 
robustness of such equipment is usually under scrutiny when it comes to cold/harsh environment operations. 
This phenomenon was experienced consistently by the atmospheric Icing Research Team at Narvik University 
College during data retrieval exercises from its atmospheric icing stations installed at Fargnesfjellet during 
2012-13. In this paper it is aimed to address the potential feasibility to produce a robust hardware addressing the 
icing measurements signals, which includes instrumentation hardware giving icing indications, icing type and 
de- icing rate measurements in a single platform (not commercially available till date). Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Atmospheric icing sensor, Icing type, Icing rate, Charge transfer, Zero crossover, Cold regions. 
 
 
 
1. Introduction 
 

Charge transfer method adhere to the capacitive 
principle and can detect anything that is either 
conductive or has different dielectric properties than 
the sensor’s electrodes’ surroundings. Any object, 
conductive or non-conductive, that is brought near 
the electrode, has its own dielectric properties that 
will alter the capacitance between the electrode and 
the sensor housing and, in turn, will produce a 
measurable response. In addition, certain sensor 
gauges the change by generating an electric field (e-
field) and measuring the attenuation suffered by this 
field. The prime area of focus is to detect the ice at 
the first instance based on its physical properties. The 
measured signal is then required to be calibrated in 
order to achieve reasonably wide range of 
measurements; differentiated based on the liquid 
water content in the ice. This would enable to lay the 
foundation of measuring icing thickness and  
icing rate. 

Atmospheric icing on structures occurs in 
conditions where cooling of an air mass causes super 
cooling of water droplets resident in the air mass. 
Water droplets in the earth atmosphere can remain in 
the liquid state at air temperature as low as -40 oC, 
before spontaneous freezing occurs [1, 2]. Generally 
an icing event is defined as periods of time where the 
temperature is below 0 oC and the relative humidity is 
above 95 %. According to ISO 12494 standard [3], 
ice accretion can be defined as any process of ice 
build-up and snow accretion on the surface of the 
object exposed to atmosphere. Primarily atmospheric 
icing can be classified in two main categories based 
on the physical properties of atmospheric ice which 
vary depending upon the meteorological conditions 
and are termed as precipitation icing (freezing 
precipitation and wet snow) and in-cloud icing 
(rime/glaze, including fog). In Northern part of 
Europe particularly in Norway, it is primarily 
freezing fog which causes ice accumulation on 
structures and this occurs mainly at high altitudes [4]. 

http://www.sensorsportal.com/HTML/DIGEST/P_2597.htm
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The ice accretion relies heavily on temperature, 
liquid water content and droplet size. The ice 
appearance and its physical properties are influenced 
by the atmospheric and weather conditions. Table 1 
mentions these affecting parameters, whereas other 
elements such as compressive strength (yield and 
crushing), shear strength, etc., might describe the 
nature of ice accretion on the subject item exposed in 
the environment. The object exposed will have 
different ice accretion based on its dimensions and its 
orientation to the direction of icing wind blowing. 
Table 1 also shows major outline of the  
basic meteorological parameters handling the ice 
accretion process. 
 
 
Table 1. Typical properties of accreted atmospheric ice [5]. 
 

 
 

This research work has been presented in 
Sensorcomm 2014 [6] and an extended version is 
now submitted. This paper is divided in six sections. 
Section II is an overview of different ice sensing 
techniques followed by section III, which outlines the 
critical reasons of system failure in cold region 
domains. Section IV deals with a detailed description 
of Charge Transfer Scheme whereas section V deals 
with the associated tradeoff. This paper is ended with 
conclusion section VI. 
 
 

2. Ice Sensing Techniques 
 

The ISO issued in 2001 a standard for ice 
accretion on all kinds of structures, except for electric 
overhead line conductors. In this recommendation, a 
standard ice-measuring device is described in ISO 
12494 [3] as a smooth circular cylinder having 
diameter of 30 mm placed vertically in the axis and 
rotating around the axis. The cylindrical length 
should be of 0.5 m, but, in case of heavy ice accretion 
expectation, the length should be altered to 1 m. If 
the cylinder cannot rotate freely due to wind drag, it 
may be provided with a motorized mechanism to 
force the rotation. The speed of rotation is not critical 
in terms of vertical collection. The vertical cylinder is 
not fully appropriate for freezing rain in the wet 
growth stage. To achieve this, it is preferred to use 
sets of horizontal collectors (rods), which are 
oriented orthogonally as in case of Soviet standard 
ice collector Popov [7] or the Canadian Passive Ice 
Meter (PIM) as described in IEC 60826 [8]. Ice 
sensing techniques come under the umbrella of icing 
instrumentation. To know about Ice sensing it is 
required to comprehend the phenomena of icing 
caused by the meteorological parameters. Drage [4] 

describes the complexity of meteorological Icing 
based on the factors such as object shape, wind 
speed, air temperature, liquid water content and 
droplet size distribution. 

There is a lot of room to improve these 
measurements as new developments being carried out 
on focusing on these parameters, Makkonen [9]. 
Different research institutes and industries are 
involved in ice detection instruments manufacturing. 
But it is important to notice that many of them are 
still in the prototyping phase and few amongst those 
have launched their products in the market. The ISO 
12494 standard ice sensor has been manufactured in 
one version in Swedish Combitech: automatic 
weighing, free rotation) and two in Finland (Digita: 
automatic weighing, forced rotation, Lehtonen [10], 
FMI: manual weighing, forced rotation). The 
devices/instruments identical with ISO ice collector 
have been used in the past at some locations as well 
Rothig [11]. For the purpose of the meteorological 
icing detection, few market systems (Rosemount 
Goodrich) and few prototypes are available in the 
name of Holo Optics, Infralytic, Vibrometer/ 
Boschung. Also some available prototypes available 
for the ice rate analysis use active infra-red 
techniques but the robustness and reliability of the 
equipment under harsh conditions is still 
questionable. The electrical impedance and weight 
measurement based icing equipment are more 
specialized, focusing on a specific parameter. There 
is a definite need of an icing system capable of 
measuring the instantaneous icing rate and thickness 
along with the ice type detection mechanism. This 
could provide an advantage to anticipate the ice 
accretion and load based on the valid detection of 
icing type. 

 
 

3. General Reasons of System Failure in 
Cold Environmental Conditions 
 
As mentioned in Virk et. al. [12] that the 

dimension of operational problems faced in cold 
climate is quite different from the operations in 
normal atmospheric conditions. More often the 
factors not significant at all in the normal conditions 
become extremely critical in cold climate regions. 
Investigations were carried out to track down 
possible reasons of the HiN icing station's 
components failure from operational point of view. 
Analysis showed that in addition to the harsh weather 
conditions, a combination of various design and 
operational aspects could also lead to the system's 
failure in harsh conditions. Following are some 
noteworthy causes in this regard. 

 
 

3.1 Intermittent Power Source 
 
The system installed at the location takes power 

from the available commercial facility, where high 
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load machines are being operated. Due to the 
demographic location of the site in terms of 
accessibility and complicated power infrastructure 
available in terms of maintenance, several power 
breakdowns have been frequently reported. The 
instantaneous power surge could be one reason that 
has affected the sensors operations. 

 
 

3.2. Electrostatic Discharge 
 
The electrostatic discharge phenomena could not 

be fully neglected in weather station breakdown. For 
snowstorms, temperature gradients in the ice particles 
produce charge separation because the concentration 
of H+ and OH- ions in ice increases rapidly with 
increasing temperature. H+ ions are much more 
mobile within the ice crystal than OH- ions. As a 
result, the colder part of an ice particle becomes 
positively charged, leaving the warmer part charged 
negatively [13]. The resulting electrostatic 
phenomena due to blizzard can be hazardous for the 
control circuitry inside the sensor module, provided 
the said consideration is not catered for in the design. 
Over and above this fact, the proper maintenance of 
earthing at the site becomes all the more critical in 
this perspective. 

 
 

3.3. Data Links / Interfaces Winterization 
 
Interface links between the components are data 

and power based. Data links might include the 
Ethernet/serial links with supporting routing cables or 
interface panels, whereas, power links have 
distribution panels, supplying power requirements to 
the computing and sensing equipment. Interface links 
along with power support systems have direct and/or 
indirect exposure to cold climatic conditions and they 
are under sudden transitional states, hence are most 
vulnerable to degradation and failure. 

 
 

3.4 Power Cable Insulation 
 
Electrical insulation of external power cables can 

be another possible cause of system failure. Many of 
the insulations normally used on electrical wires and 
cables are not compatible with colder temperatures. 
Cracking of the insulation exposes the conductor to 
the environment creating a serious hazard. This is 
particularly a problem for the extension cords used 
outdoors. Several polyvinylchloride (PVC) 
insulations that are commonly used as electrical 
insulation do not withstand flexing at low 
temperatures, in the range of or below -30 oC, PVC 
insulations crack and peel off leaving exposed 
conductors, which can cause short circuiting or 
develop grounding problems making data unreliable 
[14, 15]. 

3.5. Material and Winterization 
 
The sensitivity of problems encountered in cold 

regions is largely a function of materials used in the 
sensor construction and degree of stress, under which 
they are operated. Some materials get stronger at cold 
temperatures while other materials can be altered to 
become more cold tolerant [14, 16]. Similarly, sensor 
winterization can be another possible reason for this 
failure. Sensors must be properly winterized to make 
them possible to use during winter and reduce cold 
related wear and breakage [17]. 

 
 

4. Charge Transfer Capacitance Based 
Ice detection 
 
It can be said that a diversified sensing technique 

is required for ice detection, which is robust enough 
to face the harsh environmental conditions. The 
reliability and consistency of the measured results 
add on to the significant requirements during the 
measurement process. The ice detection and 
measurement through its capacitive properties could 
be a viable option in this scenario as suggested by 
Mughal et. al. [18]. Capacitive sensors are considered 
amongst the reliable and robust sensing options. A 
capacitive ice detector for monitoring ice formation 
in power lines has been reported in Moser et. al. [19]. 
Furthermore, charge induction based ice detectors is 
reported in [20] (mounted in the surface of the road). 
This ice detector can detect the presence of icing over 
the road/runway without measuring the icing rate and 
type of the ice. 

From 10 pF till 100 pF is an easy range of 
measurements. Also from 10 to 10.5 pF is not so 
trivial but possible. However sensing from 10 to 
10.05 pF is very difficult and becomes worse when 
done in the presence of environment challenges and 
emf interference. Human touch is 100 pF whereas the 
approximate range of atmospheric ice is 50 pF but it 
largely depends upon the dimension of the sensor. 
Normally the mobile screen rejects the humidity, 
which reflects that if it rejects it then it do measure it 
to reject it. Therefore below the humidity threshold 
their lies the atmospheric ice. We therefore thought 
that this technique is readily available to be utilized 
for atmospheric ice sensors. 

Today most of the daily home appliances, 
mobiles, industrial applications and gadgets use this 
detection principle as an integral part of their system 
design. The technique of charge transfer for human 
skin has matured over the years and customized 
microelectromechanical systems MEMS devices are 
available for integration as per the requirement of the 
design. However, use of this approach is not tested 
for the purpose of ice detection or has not been 
reported yet. This technique could therefore be 
applied for ice detection including the water layer 
along with icing because of its advantages based on 
implementation flexibility and design robustness. 
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4.1. Working Principle 
 

The nearness of the ice on the surface can be 
measured with the appropriate use of selection of 
dielectric material and charge transfer process. The 
field generated due to charge transfer can be thought 
of as a forced field applied, which ultimately can be 
measured in return when the presence of ice is 
detected on the surface. To amicably use this 
technique sensor's electrode should be adequately 
designed for detecting the proximity of the target 
material with a quantified output. The field is self-
generated through any type of conductive material 
and the response is processed in a customized way to 
compute the changes in the measurement. The 
technique can be thought of as an active 
measurement methodology where self-generated field 
is repeated to a known threshold level and de-
activated to analyze the properties of the material 
during the silent phase field generated. The charge 
transfer technology can be implemented / tested for 
two different schemes based on capacitive sensing 

i. Self-capacitance oriented 
ii. Mutual capacitance oriented 
In self-capacitance approach, the electrode used 

for sensing is a single conductive plate; second plate 
of capacitor is in fact the circuitry or earth ground. 
The sensing electrode is merely an “open circuit” 
plate or alternatively describing we can measure the 
self-capacitance of this plate. Electrode is underneath 
the dielectric panel so there is no direct galvanic 
connection to measuring circuit in the presence of ice 
or other substance. This technique is aimed to make 
detection measurements in case of external object 
presence near electrode. The detection is made 
because of the effect that its presence has on the 
capacitance of the electrode. The equivalent circuit of 
the self-capacitance circuit is shown in Fig. 1. 

 
 

 
 
Fig. 1. Self Capacitance Equivalent Circuit [21]. 
 
 

Here, GND is the printed circuit board PCB 
ground and EARTH is earth ground. The coupling 
capacitance between ground and earth is few tens of 
pico-farad. Sampling capacitors store the charge 

during burst of pulses applied to the electrodes and 
normally have recommended values in nano-farads, 
which are further tuned to the design requirement to 
achieve larger detection threshold. Therefore, key 
highlights are 

i. Assuming Cs>>Cx, and Cf >> Cx and Ct; 
ii. Cx and Ct are of parameters of interest; 
iii. Increasing Cs = Increased differential 

sensitivity and makes the burst length longer and 
improves resolution. 

In mutual-capacitance approach, each sensing 
electrode pair contains a field drive electrode and a 
receive electrode as shown in Fig. 2. 

 
 

 
 

Fig. 2. Ice Detection by Mutual Capacitance  
(Broad Scope). 

 
 

Signal that couples through the mutual 
capacitance of the electrode structure is collected 
onto a sample capacitor, which is switched by the 
chip synchronously with the drive pulses. A burst of 
pulses is used to improve the signal to noise ratio; the 
number of pulses in each burst also affects the gain of 
the circuit, since more pulses will result in more 
collected charge and hence will provide more signal 
(see Fig. 3). 

By modifying the burst pulse length, the gain of 
the circuit can be easily changed to suit various 
electrode sizes, panel materials, and panel 
thicknesses. After the burst completes, the charge on 
the sample capacitor is converted using a slope 
conversion resistor which is driven high, and a zero 
crossing is detected to result in a timer value, which 
is proportional to the pair electrode charge coupling, 
which also reflects charge absorption caused by 
external intruding material. The presence of intruding 
object absorbs charge, so the measured signal 
decreases with its presence. The burst phase causes 
the charge on the sample capacitor to ramp in a 
negative direction, and the slope conversion causes a 
ramp in the positive direction on the capacitor; the 
net effect is that the conversion process is dual slope, 
and is largely independent of the value of the sample 
capacitor and is highly stable over time and 
temperature [23]. 
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Fig. 3. Mutual Capacitance Equivalent Circuit [22]. 
 
 

4.2. Cold Climate Implications and 
Performance 

 
Both capacitive mechanisms are majorly 

comprised of electrode sets and PCB hardware. The 
electrode design has the flexibility to adopt any shape 
as it is flexible enough to be mounted on any type of 
support. The electrode plate can be covered with 
different types of dielectric material much more 
resistant to harsh weather and climatic effects; since 
there is large number of thin dielectric materials 
available commercially nowadays. Fig. 4 shows the 
simple operational scheme of the overall charge 
transfer based icing sensor design. 

 

 
 

Fig. 4. Operational Scheme of Charge transfer Ice sensing. 
 
 

The only exposed part is the electrode, which may 
be the copper trace on a printed circuit board covered 
with weather resistant dielectric material of known 
parameters. The weather resistant dielectric 
coating/covering can ensure the protection required 
to avoid corrosion of the plate. The low voltage 

requirement [mV] of the MEMS devices makes the 
design feasible for battery operated system in a 
remote location. 

 
 

4.3. Electrode Panel Selection 
 
The flexibility of electrode configuration provides 

different schemes in terms of shapes and forms. The 
layout of the electrode for charge transfer scheme is 
focused on the maximum transferring of charge either 
to the adjacent electrode (receive) or provide 
effective ground loading. Common electrode 
materials include copper, carbon and silver ink. The 
lower the Ω/sq resistivity of the material, the better as 
it makes control of any RC time constants (which 
play key role in detection measurement) much easier. 
The Ω/sq rating choice is coupled with the shape and 
size of the electrode. Larger in length and thin 
electrodes or traces build up resistance extremely 
quickly, even for relatively low resistivity. Common 
front panel materials include glass, plexiglass and 
polycarbonate. The panel thickness and its dielectric 
constant εr play a large part in determining  
the strength of electric field at the surface of the 
control panel. 

Glass has higher εr than most plastics as higher 
numbers deduce the fields to propagate more 
effectively. Thus a 5 mm panel with εr of 8 will 
perform similarly in sensitivity to a 2.5  mm panel 
with an epsilon of 4, considering all other factors 
equal. A panel up to 10 mm thick is quite usable, 
depending on electrode spacing and size [24]. The 
circuit sensitivity needs to be adjusted during 
development to compensate for panel thickness, 
dielectric constant and electrode size. With increase 
in thickness of material signal to noise ratio SNR 
worsens hence always thickness of the front panel 
material is to be kept small. Materials with high 
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relative dielectric constants are also preferable for 
front panels as they help to increase SNR. 

 
 

5. Trade-off 
 

The self and mutual charge transfer techniques 
are primarily differentiated based on the electrode 
configuration. The single electrode and its multiple 
scheme implanted on a single surface adheres to 
ground loading influence for the measurement, which 
eventually will attributes to the sensitivity of the ice 
measurement. The main tradeoffs amongst the self 
and mutual capacitance techniques are sensitivity, 
range, noise rejection, ground loading and probability 
of false detection. The self-capacitance design is 
more sensitive in nature. The field is spreads 
outwards the electrode in the dielectric environment 
and ground loading is provided by the external 
influencing of the object, in our case will be ice or a 
water film. But with increase in sensitivity comes the 
inclusion of the noise in the circuitry, which is un-
desirable. The noise in self capacitance might be 
increased so sensitivity tuning is the vital for design 
based on this methodology. The sensitivity in case of 
capacitive based design has several factors ranging 
from the electrodes design to the 
charging/discharging mechanism affecting the 
sensitivity of the sensor. This includes electrode 
dimensions and shape, ground loading, return path, 
supply voltage and charging pulses duration. 

 
 

6. Results, Discussion and Conclusions 
 

The atmospheric icing detection and measurement 
in harsh cold climate is a demanding challenge. The 
need is more demanding with the latest developments 
in the high north regions to explore for energy 
ventures, which have initiated the infrastructure and 
channelizing of resources. The ice accretion and 
winterization factors can be very easily overlooked 
during the development process, which has the 
lasting impact in cost related damages. Therefore, 
icing parameters like rate, type, thickness could play 
vital role in areas for instance deicing feed-back 
mechanism for efficient ice removal, creation of 
geographical ice maps of the particular region and 
many more. The icing parameters discussed need 
reliable sensing methodology for acquisition and 
measurement in the harsh cold regions. 

A preliminary series of experimentation were 
performed in Cold Room Chamber of Narvik 
University College. The ice samples used were 
collected from the freezing process of the 
commercially available freezers. The charge transfer 
technique outputs zero crossover due to the dielectric 
variation between different samples shows clear 
potential this effective/potential technique for Cold 
Regions. The zero crossover is a real time technique 
and hence the delays associated with this technique 
are minimum. The results can be seen in Fig. 5. 
During the experimentation at room temperature the 

melting of ice layer/block also occurred as a natural 
process which could be the case in real environment. 
This phenomena could also be observed from the 
delta measurement as it varies with the melting of ice 
layer upon the electrode till it slides over the 
electrode leaving behind the water puddle over the 
electrode (Fig. 6). 

 
 

 
 

Fig. 5. Ice and Water Detection Ranges. 
 
 

 
 

Fig. 6. Ice and Water Detection Ranges. 
 
 

The charge transfer based techniques well known 
for human capacitance application can be utilized for 
melting rate and type. The self or mutual capacitance 
basics can be employed in the design based on charge 
transfer method. The electrode configuration schemes 
can be used in pairs or as an individual based on the 
optimum tradeoff amongst the design options. A 
small printed circuit board aided with the specific 
electrode configuration can be manufactured as a 
basic prototyping icing sensor. The benefit of 
reshaping the electrodes and design to any form with 
capability to change different dielectric material 
suitable to harsh environment can be used as a 
starting point to develop a robust prototype. This 
would enable to detect and measure the icing 
parameters in real time embedded platform with low 
power consumption; which is ideal for remote 
installations. 
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Abstract: A magneto-optic sensor is developed using a Terbium Doped Glass (TDG) element as a Faraday 
rotation sensor and optical fiber as light transmitting and receiving medium. Online LabView based application 
software is developed to process the sensor output. The system is used to sense the magnetic field of a DC motor 
field winding in industrial environment. The sensor output is compared with the magnetic flux density variation 
obtained with a calibrated Hall Magnetic sensor (Gauss Meter). A linear variation of sensor output over wide 
range of current passing through the field winding is obtained. Further the results show an improved sensitivity 
of magneto-optic sensor over the Hall sensor. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

Different technologies are used for measuring 
magnetic fields. Lion [1] described fundamental 
description of both mechanical and electrical means 
for sensing magnetic fields. H. R. Everett and J. E. 
Lenz [2, 3] have described surveys on magnetic 
sensor technologies. Induction coil magnetometer [4], 
Fluxgate magnetic sensor [4], Hall magnetic sensor 
[5] etc are commercially available magnetic field 
sensors used for wide ranging applications such as 
measuring rock magnetism, satellite altitude control 
system etc.[6]  Super-conducting quantum 
interference device [3], Giant magneto resistance 
(GMR) magnetic field sensor [7-9] etc are some 
important developments in magnetic sensor 
technology. The optical sensors are now-a-days 
gaining importance since they are free from 
measurement errors due to various effects like stray 

electromagnetic effect, capacitive effect, etc., which 
are observed in many non-optical sensors along with 
their advantages of electrical isolation, large 
bandwidth, ease of integration into digital control 
system, etc. [10–15].  

One very important property used in optical 
sensors is the Faraday rotation of polarized light in a 
typical solid, liquid or gaseous medium such as glass, 
quartz, water, and sodium vapor when subjected to a 
strong magnetic field [16]. Ferrimagnetic materials 
such as Yttrium Iron Garnet (YIG) (Y3Fe15O12) and 
ferromagnetic materials such as Iron (Fe), Nickel 
(Ni) and Gadolinium (Ge) offer highest Faraday 
rotation but high degree of nonlinearity is also 
observed in the net Faraday Effect [17]. Large iron 
garnet crystal is not suitable where sensor linearity is 
important. 

In these materials volumes of equal direction of 
magnetization (magnetic domains) are formed.  

http://www.sensorsportal.com/HTML/DIGEST/P_RP_0192.htm
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The external magnetic field applied perpendicular 
to such material cause the domains with 
magnetization in the direction of the field to grow at 
the expense of other domains [17]. The net 
polarization rotation can be approximated using the 
area ratio between two kinds of domain. The domain 
size and hence the Faraday rotations depend on the 
material property as well as sample geometry. Owing 
to high Faraday rotation these materials are also used 
in thin film geometry with compensation technique 
for nonlinearity. The Faraday rotations can be altered 
by adding mainly rare earth ions. Bismuth (Bi) is 
commonly added to achieve higher rotations. Jeon et 
al. showed that Faraday rotation and Verdet constant 
of Bi-substituted YIG (Bi1.8Y1.2Fe5O12) material can 
be enhanced to 5.28 deg/mm and 2.63×10-2 deg/Oe 
cm [18]. Some films are made with complete 
substitution of Bi in place of Y such as the 
composition Bi3Fe5O12 or BIG which are 
commercially used in laser isolators [19]. In 
magneto-optic current sensors the principle of 
Faraday rotation is extensively used by using bulk 
optical element or optical fiber [20-24] as magneto-
optic medium. However, there is a constraint in the 
use of multi-turn optical fiber due to low Verdet 
constant and inherent intrinsic birefringence and 
bend-induced linear birefringence effect [25]. This 
leads to the use of bulk optics in place of optical fiber 
[26–30]. Chakraborty et al. [31-35] designed and 
developed magneto-optic sensors using bulk optical 
material. The diamagnetic materials like SF-57, SiO2 
and BK7 etc. and paramagnetic materials like 
Terbium Gallium Garnet (TGG) crystal, Terbium 
doped glass (TDG), etc. used in bulk optics are still 
being studied by various workers [26–30]. Gillman 
has observed large rotations in magneto-optic laser 
isolators at 632 nm wavelength using TGG and Tb-
doped glass (TDG) of Verdet constant -134 and -70 
rad/ T.m respectively [26]. Mansell et al. have 
observed that change in optical path length due to 
thermal expansion is smaller in Hoya FR-5 (TDG) 
than TGG [28]. Very recently Li et al. have 
developed Faraday glasses with large size and high 
performance [29]. Goldring et al. have utilized 
magneto-optic element for control of polarization 
[30]. In the present work the design, development 
and testing of a prototype TDG based magneto-optic 

sensor is discussed. A comparative study with the 
performance of Hall sensor is also included. 

 

2. Theory and Analysis 
 

Basic schematic diagram of the magneto-optic 
measurement set up in transmission mode is shown in 
Fig. 1. Let the beam incident on the magneto-optic 
element be linearly polarized with azimuth αp has 
intensity I0. The Stokes vector of the output beam 
from the analyzer can then be written as 

 
Sout = I0 Mana Mrot Sin, (1) 

 
where Mrot and Mana are the Mueller matrices [13, 
Chapter-33] of Faraday rotator and analyzer 
respectively, and Sin is the normalized Stokes vector 
of the input linearly polarized beam which are given 
by the following equations 
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where αa is the transmission angle of the analyzer, 
and θ is the Faraday rotation. 

Considering linearly horizontally polarized  
(αp = 0) monochromatic input beam and combining 
the Eqs. (1)–(4), the expression for detected intensity 
of the out put beam is given by 
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a

I
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Fig. 1. Basic schematic diagram of the magneto-optic measurement set up. 
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when a linearly polarized light passes through a 
magneto optic medium in a direction parallel to the 
uniform magnetic field, the Faraday rotation is given 
by the relation [36] 
 

LBVver det=θ , (6) 

 
where, VVerdet, L and B are the wavelength dependent 
Verdet constant of the TDG element, length of the 
magneto-optic medium and magnetic flux density of 
the permanent magnet respectively. In order to 
improve the response and avoid the effect of intensity 
variation of incident light, the measurement setup 
utilizes the dual quadrature polarimetric detection 
scheme in reflection mode where the intensity of the 
output beam is measured for α a = +45° and -45° and 
the ratio of the difference over sum is evaluated [25]. 

Thus substituting αa = +45° and -45° in Eq. (5) and 
taking the ratio of difference over sum, the 
expression for power ratio (PR) is obtained as 
 

)2sin(
4545

4545 θ=
+
−=

−+

−+

II

II
PR  (7) 

 
In a double pass mode the expression for power 

ratio will be 
 

PR= sin(4θ) (8) 
 
 

3. Experiment and Discussions 
 

The dual quadrature polarimetric scheme [25] is 
shown in Fig. 2.  

 
 

 
 

Fig. 2. The dual quadrature polarimetric scheme of the magneto-optic sensor. 
 
 

In source module the light from a  
5 mW DPSS (diode pumped solid state) laser 
(wavelength 0.5435 μm) is coupled to a multimode 
optical fiber (source fiber) by a laser fiber coupler 
with the help of microscope objective. The other end 
of the fiber is coupled to the fiber GRIN lens coupler 
of the sensor module for producing collimated laser 
beam.  The beam passes through a polarizer (POL) 
and then through a beam splitter (BS) to the magneto-
optic (MO) TDG rod of length 30 mm and diameter 
10 mm. The reflected beam from the mirrored surface 
of the magneto-optic (MO) element then passes 
through the polarizing beam splitter (PBS). The two 
light beams with orthogonal polarization are then 
coupled to two multimode optical fibers (detector 
fibers) with the help of two microscope objective 
based fiber laser couplers. The other ends of the 
detector fibers mounted in fiber chucks are focused 
on to the CCD sensor surface in an USB based 
camera detector. The advancement in digital image 
processing, availability of high speed computer with 
high memory size, simple image grabbing techniques 
and simplified image storage, manipulation and 

display enables the use of CCD camera as a light 
detector in place of  single photo detector [37-39] 
The light intensities I1 and I2 are obtained as average 
gray values of the spot images produced by the 
camera detector and the power ratio (PR) is measured 
with the help of the relation PR = (I1 – I2)/ (I1 + I2).  
Figs. 3-5 shows the photographs of prototype source, 
sensor and camera detector units mounted on non-
magnetic base plates (PMMA materials). For online 
measurement of PR, application software is 
developed in LabView utilizing IMAQ vision tools. 
The sensor system is first tested in the laboratory by 
inserting the TDG cylinder inside the core of a 
multiple layer solenoid coil (copper) of length 95 mm 
and with 2600 turns.  

Fig. 6 (a) shows the variation of PR with the 
variation of current (DC) through the solenoid coil. 
The variation of magnetic flux density with the 
variation of coil current is also measure by the axial 
Hall probe of a calibrated Gauss meter and a 
maximum linear change of around 35 mT is obtained 
when the current is changed from 0 to 2 Amp.  
Fig. 6 (b) shows the image of the fiber tips acquired 
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in LabView for calculating the light intensities I1 and 
I2 from the average gray values within the respective 
region of interest.  

 
 

 
 

Fig. 3. Source module mounted on the base plate. 
 
 

 
 

Fig. 4. Sensor module mounted on the base plate. 
 
 

 
 

Fig. 5. Detector module mounted on the base plate. 
 
 

Fig. 7 shows the experimental setup for sensing 
the DC motor field winding. The magneto-optic TDG 
element is located at a distance 10 mm from DC 
motor field winding and input current to the field 

winding is increased slowly from 1 ampere to 7 
ampere in steps of 0.5 Ampere. The experiment is 
repeated for increasing and decreasing current. For 
comparison with the data obtained from magneto-
optic setup an axial Hall probe of a calibrated gauss 
meter is also used to sense the magnetic flux density 
variation as the current changes. The resulting PR is 
obtained by using Eq. 6 and 8 and considering TDG 
element of length L=30 mm and verdet constant 
Vverdet = 101.81 rad/T.m at λ=0.5435 µm [31]. In the 
measurement process the residual magnetism of 
0.01K gauss in the field winding is obtained.  

 
 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 6. Testing with a solenoid current of 2 Amps in 
laboratory. (a) Shows the variation of PR with time when 
the solenoid coil current is changed from 0 -2 Amp. At 
point * the coil current is practically zero and at point ** 
the coil current is 2 Amps (b) Shows the image of the 
detector fiber tips surrounded by region of interest for 
calculating the average gray value. 

 
 
Curve A of Fig. 8 shows the average of ten 

measurements using magneto-optic sensor element 
and for both ascending and descending order of 
current. Curve-C shows the linear fit of Curve-A with 
sum of the square of errors (SSE) =9.662e-005 and 
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R-square=0.9778. Curve-B of Fig. 8 shows the 
average of five measurements using Hall sensor 
probe and for both ascending and descending order of 
current. Curve-D shows the linear fit of Curve-B with 
sum of the square of errors (SSE)= 5.325e-006 and 
R-square=0.9929. 

 
 

 
 

Fig. 7. Experimental setup for detecting the change in coil 
current in the field winding of a DC motor. 

 
 

 
 
Fig. 8. Variation of Power Ratio (PR) with the variation of 
coil current (of field windings). Curve-A (─) shows the 
variation obtained with magneto-optic TDG element and 
Curve-C ( ─ ─) shows the linear fit of  Curve-A. Curve-B 
(─) shows the variation obtained with a Hall magnetic 
sensor and Curve-D (….) shows the linear fit of Curve-B. 

 
 
Both the curves show a fairly linear variation over 

a wide range of current passing through the field 
winding. Interestingly we note that the sensitivity of 
the magneto-optic sensor is practically more than 
double the sensitivity of Hall probe sensor since the 
slopes of the Curves C and D are 40° and 17° 
respectively. The difference between Curve-A and B 
can be explained by the improper polarizer setting 
(“Pol” in Fig. 4) of input polarizer with transmission 

angle αp which we have considered as linearly 
horizontally polarized i.e. αp = 0°. With the finite 
value of αp the expression for Power Ratio (PR) will 
be changed to PR= sin (4θ+2αp). The magneto-optic 
sensor developed can further be miniaturized by 
replacing the bulky fiber coupler (Fig. 4) with a lens 
and molded plastic packaging. 
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Abstract: Chromium (III) oxide was used as a bulk mediator in carbon paste electrodes to improve the 
performance of the carbon electrodes for the detection of nitric oxide in comparison with unmodified electrodes. 
The sensor could be operated as a detector in a flow injection analytical setup under physiological conditions 
(pH 7.5, 0.1 M phosphate buffer) with an operating potential from 650 mV to 700 mV (vs. Ag/AgCl), a flow 
rate of the carrier of 0.4 mL/min and an injection volume of 200 μL. The amperometric response of the sensor 
showed good linearity up to 300 µM with a sensitivity of about 0.644 nA/µM. The relative standard deviation 
for the repeatability of measurements for 100 µM NO was 3.9 % (n = 10 measurements) and the reproducibility 
was 12 % (n = 5 sensors). The effect of all investigated interferences (nitrite and nitrate ion) was not fatal and at 
650 mV the signal ratio of NO/NO2

- is around 10. The new sensor was successfully applied to the determination 
of NO in car exhaust fumes. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Nitric oxide, Electrochemical sensor, Carbon paste, Chromium (III) oxide. 
 
  
 
1. Introduction 
 

Nitric oxide is the main component causing 
photochemical smog in atmosphere [1] and a lot of 
problems on human health and plants also [2, 3]. 

Its effect on environment is related to its 
oxidation products such as nitrogen dioxide and 
finally nitric acid. It plays a key role on ozone 
formation on ground level. Among all nitric oxide is 
implicated in a wide range of physiological and 
pathophysiological effects [4, 5]. In controlled lower 
concentration it is used for pulmonary vasodilatation 
and lung disease of prematuity [6]. 

In lower respiratory tract nitric oxide is produced 
by various cells and is detectable in the exhaled air of 

normal human subjects and an exhaled nitric oxide 
test can help with the diagnosis and treatment of 
asthma [7]. 

Determination of NO is not a simple task because 
of its high reactivity; the half-life of nitric oxide in 
physiological conditions is around 5 seconds; 
therefore the required analytical methods for its 
spatial detection have to have rapid response time [8]. 
Due to its short half-life because of unpaired electron, 
direct determination can be made using 
electrochemical sensors/biosensors because they do 
not suffer from different components which may be 
present in samples [9]. Electrochemical sensors can 
measure NO directly in real time also in vivo, 
because they can be implanted as micro-sized probes 
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[10]. Most of the investigations are focused on 
electrochemical sensors because of their easy 
applicability and low cost. Carbon paste electrode as 
an electrochemical sensing material has a lot of 
advantages including simple preparation and 
modification, as well as ease to handle. They also 
have a wide applicable potential range, which makes 
them very useful in electrochemical analysis for 
different analytes [11], and they are applicable for in 
vivo measurements [12]. Nitric oxide can be detected 
with chemically modified carbon paste electrodes at 
lower potentials than with unmodified ones which 
make them useful in different media without 
significant interference from the sample matrix. 
Different modifiers were investigated on their ability 
to decrease the overpotential of nitric oxide on 
different electrode materials, such as nickel 
phtalocyanine which has a catalytic effect on the NO 
oxidation [13, 14]. Decreasing the overpotential is 
important because at higher potentials possible 
interferents present in sample may be oxidized as 
well. The product of NO oxidation is nitrite and 
nitrate ions, from which the former may interfere 
with the determination of NO [15]. Using different 
polymers such as o-phenylendiamine [16], 
poly(thionine) and Nafion [17] the selectivity of 
sensors was increased and could be employed for NO 
monitoring in rat kidneys. Because of its catalytic 
effect on the oxidation of NO, a nickel 
hexacyanoferrate-modified electrode could be 
operated at a potential of +0.40 V vs. Ag/AgCl [18], 
and an indium hexacyanoferrate analogue at +0.75 V 
vs. SCE [19] and copper hexacyanoferrate [20]. Also 
RuO2 [21] and Cr2O3 [22] were found suitable for 
carbon paste modification for the quantification of 
NO. The study presented here is the optimization of 
working parameters for the sensor based on carbon 
heterogeneous electrodes modified with chromium 
(III) oxide for the determination of nitric oxide. The 
new sensor was successfully applied to the 
determination of NO in car exhaust fumes using a 
flow injection analysis (FIA) system. 

 
 

2. Experimental 
 

2.1. Chemicals, Reagent and Solutions 
 
All chemicals used were of analytical reagent 

grade. Sulfanilamide, N-(1-naphthyl)-
ethylenediamine was obtained from Sigma Aldrich 
and chromium (III) oxide was purchased from Fluka. 
Phosphate buffer solution (PBS) was prepared by 
mixing aqueous solutions of sodium dihydrogen 
phosphate (0.1 mol/L) and disodium hydrogen 
phosphate (0.1 mol/L) until the required pH was 
achieved. A nitric oxide stock solution was prepared 
by bubbling NO produced by the reaction of a 
saturated aqueous solution of sodium nitrite with 2 M 
sulfuric acid through a 4 M potassium hydroxide 
solution and finally collecting it in phosphate buffer 

solution (0.1 M, pH 7.5). All the apparatus for NO 
gas production first was deaerated with nitrogen gas 
for 30 minutes. The standard stock solution was 
freshly prepared before use. The concentration of NO 
in the stock solution was determined using 
sulfanilamide and N-(1-naphthyl)-ethylenediamine as 
described in [23]. Sodium nitrite and nitrate stock 
solution (0.1 M) were freshly prepared be- fore use. 
 
 
2.2. Apparatus 
 

For cyclic voltammetry and hydrodynamic 
amperometry, a potentiostat Autolab PSTAT 10 with 
software GPES version 4.9 and a potentiostat 
PalmSens with software PSTrace were used. The 
electrochemical cell consisted of a carbon paste 
electrode as the working electrode, an Ag/AgCl/3 M 
KCl reference electrode (Metrohm 6.0733.100), and a 
platinum wire as the counter electrode. Nitrogen was 
used for degassing the solutions. A magnetic stirrer 
provided convection of the solution. All potentials 
mentioned in this paper are referred to the Ag/AgCl 
reference electrode.  

The flow injection system was assembled from a 
potentiostat (PalmSens and the corresponding 
software, PSTrace) as the detector, a high 
performance liquid chromatographic pump (ICI 1100 
HPLC Pump), a sample injection valve  
(5020 Rheodyne, Cotati, CA, USA), and a thin layer 
electro- chemical detector (LC 4C, BAS, West 
Lafayette, Indiana, USA) with a flow through cell 
(spacer thickness 0.19 mm; CC-5, BAS). The 
working electrode was a carbon paste electrode (plain 
or modified with chromium (III) oxide), the reference 
electrode an Ag/AgCl (3 M NaCl) electrode, and the 
counter electrode was the steel back plate of the cell. 
All potentials mentioned in this paper are referred to 
the Ag/AgCl reference electrode. 
 
 
2.2.1. Preparation of Working Electrode 
 

Unmodified carbon paste was prepared by mixing 
1.000 g graphite powder and 360 μL paraffin oil 
(Uvasol®, 0.84-0.89 kg/L, Merck) in an agate mortar 
by gently stirring with a pestle until uniformity and 
proper compactness was obtained. The modified 
carbon paste was prepared by mixing 0.950 g 
graphite powder with 0.050 g Cr2O3 and 360 μL 
paraffin oil. The carbon pastes were transferred to 
glass vials and allowed to stand overnight in a 
refrigerator. The electrode surface in FIA mode was 
125 mm2. 

 
 

2.2.2. Procedures 
 
Cyclic voltammograms were scanned between -

400 mV and +1200 mV with a scan rate of 20 mV/s, 
unless stated otherwise. Experimental parameters 
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during differential pulse voltammetry measurements 
were recorded with pulse amplitude of 50 mV and 
scanned in two ways from 200 mV to-1300 mV and 
from -200 mV to-1200 mV. Measurements in flow 
injection analytical mode by injection of NO solution 
(freshly prepared) were made at operating potentials 
of +550 mV, 600 mV, 650 mV, 700mV and 750 mV 
if not mentioned otherwise. 
 
 
2.3. Sample Measurements 
 

The measurements for nitric oxide in car exhaust 
fume with the new sensor were made by collection of 
exhaust fumes in a plastic bag with a volume 5 L and 
after that the gas was bubbled through a0.1 M 
phosphate buffer solution with flow rate 0.10 L/min. 
The NO sample concentration was measured by 
injection on the flow injection system. 

The reference method for measurement of the NO 
concentration in the stock solution and in the car 
exhaust was spectrophotometric determination of an 
azo dye formed from the analyte and an amine and 
coupled to an activated aromate. Sample collection 
and treatment was similar to electrochemical sensor, 
but the gas sample was bubbled through 0.1 M 
phosphate buffer pH 7.5 containing sulfanilamide and 
N-(1-naphthyl)-ethylenediamine. The calculation for 
NO concentration were made based on molar 
absorptivity 12500 M-1cm-1and absorbance 
measurements at λ= 496 nm. The measurement for 
NO at 496 nm is specific for media of neutral pH. 
 
 
3. Results and Discussion 
 

The nitric oxide electrochemical sensor was 
designed on the basis of a carbon paste electrode 
modified with chromium (II) oxide in the electrode 
bulk. The electrochemical behavior of the modified 
carbon paste electrode towards nitric (II) oxide was 
studied primarily by cyclic voltammetry, 
quantitations were done with a flow injection system. 
In Fig. 1 cyclic voltammograms of a carbon paste 
electrode modified with chromium (III) oxide in 
phosphate buffer are shown before and after addition 
of nitric (II) oxide. At the modified electrode the 
voltammogram in anodic direction exhibits oxidation 
of nitrogen oxide starting at 0.6 V with a shoulder at 
0.7 V and a maximum at around 1.0 V. Thus, it may 
be concluded that chromium (III) oxide has a 
significant effect on the analytical signal of the 
analyte and is well suitable for its mediated detection. 

In previous studies [22] the suggested reaction 
mechanism of modifier Cr2O3 on NO detection  
(Fig. 2) was concluded upon electrochemical data 
obtained from cyclic voltammetry and differential 
pulse voltammetry measurements. In short, it is 
assumed that at potential above 0.3 V the oxidation 
of Cr(III) to Cr(IV) takes place. The formed chromate 
oxidized NO to nitrite, which is further oxidized to 

nitrate. This is somehow supported by the fact the 
detection potential corresponds to the potential for 
the direct oxidation of nitrite to nitrate at unmodified 
carbon paste electrodes [24, 25]. 

 
 

 
 
Fig. 1. Cyclic voltammograms of a modified CPE  

with Cr2O3 before and after the addition of 50 μmol/L NO 
(A)  and 100 μmol/L NO (B) scan rate 20 mV/s,  
Einit. = -0.40 V, Efinal = 1.20 V; phosphate buffer 0.1 M, 
pH 7.5. 

 
 

 
 

Fig. 2. Suggested reaction mechanism of the electro-
catalytic action of chromium (III) oxide on nitric oxide. 

 
 

3.1. Operating Potential 
 

The dependence of the peak currents on the 
operating potential is shown in Fig. 3. Suitable 
operating potentials for the sensor for nitric oxide 
were examined by injecting 100 µM NO at different 
potentials. Signal responses are detectable with 
positive operation potentials; the more positive the 
latter the higher the current. The sensor can operate 
in the positive potential range, near the potential of 
chromium (III) oxidation around 650 mV in which 
region the mediator effect seems to be most dominant 
on the nitric oxide detection. Based on results for 
different operating potentials, the more favorable 
potential is 650 mV because of lower background 
current. The latter parameter is closely related the 
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lifetime of the sensor; if its lower, the lifetime is 
longer. Going to more positive potentials, the sensor 
sensitivity becomes higher. For reasons displayed 
above already it is good to have high responses at 
relatively low operating potentials.  
 
 

 
 

Fig. 3. Flow injection analysis signal of nitric oxide at a 
chromium (III) oxide modified carbon paste electrode; 
signal intensity of 100 μmol/L NO; flow rate 0.40 mL/min., 
injection volume 200 μL, carrier phosphate buffer  
0.1 M pH 7.5. 
 
 

Based on these considerations a working potential 
of 650 mV was chosen, because according to 
experience the potential was considered as 
sufficiently low not to cause interferences from other 
compounds present in the sample matrix (exhaust 
gas) combined with a high signal response. At more 
positive potentials the risk for interferences of sample 
matrix to co-oxidize increases. 
 
 

3.2. Flow Rate 
 

The peak shape, in particular the peak width and 
the peak height, are dependent on the flow rate of the 
carrier solution in FIA mode. The peak width is 
indirectly proportional to the flow rate, because with 
small velocities of the carrier the analyte resides 
longer over the electrode surface.  

The choice of the proper flow rate was guided by 
a few considerations. Basically it was intended to 
select a slow flow rate in order to obtain high signal 
responses. From this point of view 0.1 mL/min or 
even slower would be the value of choice. At this rate 
the peaks are very broad and one injection lasts for 
about 4.1 min. A flow of 0.4 mL/min increases the 
speed of analysis considerably by more than the 
double, whereas the signal is only about 10 % lower 
than with 0.2 mL/min. In fact the detection limit is 
still sufficiently low and the sensitivity sufficiently 
high for unambiguous determination of nitric oxide in 
gas sample. 
 
 

3.3. Interferences 
 

The nitric oxide sensor was tested for its 
susceptibility to possible interfering ions which might 
possibly occur in sample as matrix component. 

Nitrite and nitrate ions were tested with the operating 
potential 650 mV (Fig. 4).As can be seen there is no 
influence from nitrate; the interference from nitrite 
may be regarded as small and negligible in case that 
the molar ratio NO/nitrite is not considerably  
above 1. The interference was not fatal and at  
650 mV the signal ratio for the same concentrations 
of NO and NO2

- is around 10. Nevertheless for 
avoiding matrix effects the standard addition method 
can be applied as long as the concentrations are 
within the dynamic range of the sensor. 
 
 

 
 

Fig. 4. Interference of sodium nitrite and sodium nitrate at 
different concentrations compared to signal of 100 µM NO, 
operating potential 0.65 V, flow rate 0.40 mL/min., 
injection volume 200 μL, carrier phosphate buffer  
0.1 M pH 7.5. 

 
 

3.4. Calibration Curve 
 

The calibration curve for NO is shown in Fig. 5, 
obtained by flow injection analysis. A quasi-linear 
relation between concentration and signal could be 
obtained for NO concentrations up to 300 µM with a 
sensitivity of 0.643 nA·L·µmol-1 (Equation 1) and a 
correlation factor R2=0.994. 
 
 ( ) 0.643* ( ) 5.647I nA C Mμ= +  (1)
 
 

 
 
Fig. 5. Calibration curve for NO at a carbon paste electrode 
modified with Cr2O3, operating potential 0.65 V, flow rate 
0.40 mL/min., injection volume 200 μL, carrier phosphate 
buffer 0.1 M pH 7.5. 
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The detection limit (3σ) estimated from the 
standard deviation of FIA peaks for 30 µM is  
5.3 µM. The relative standard deviation for the 
repeatability of measurements for 100 µM NO was 
3.9 % (n = 10 measurements), and corresponding 
reproducibility was 12 % (n=5 sensors). 
 
 
3.5. Samples 
 

The sensor was finally applied to measuring NO 
in car exhaust fumes. The sample collected in airbags 
(5L) was bubbled in 0.1 M phosphate buffer solution 
(pH 7.5) with a flow rate 0.1 L/min. The 
determination of the NO concentration was done in 
FIA mode using the calibration curve. The results are 
presented in Table 1. 
 
 

Table 1. Determination of NO in car exhaust fume. 
 

Sample 
ppm(NO)/CPE-

Cr2O3 
ppm (NO)/Reference 

method 
S1 0.273 ± 0.012 0.287 ± 0.009 
S2 0.198 ± 0.011 0.180 ± 0.006 

 
The gas samples were measured, and results 

between the method employing the new sensor and 
reference are in good agreement. 
 
 
4. Conclusions 

 
The work presented here has clearly demonstrated 

that heterogeneous carbon sensors with chromium 
(III) oxide as mediator exhibit improved the 
performance for the determination of nitric (II) oxide 
compared to the unmodified electrode because the 
modifier lowers the overpotential for the 
electrochemical oxidation of the analyte. 

The influence of possible interferents on the 
determination of nitric oxide was estimated; nitrate 
did not show any effect whereas nitrite interfers if it 
is present in concentrations higher than the analyte. 
The new sensor has been successfully applied to the 
determination of NO in car exhaust fumes.. 
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