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Abstract: This paper presents a method to calibrate the dominant errors of Micro Electrical Mechanical Systems 
(MEMS) based inertial measurement unit (IMU) for quadrotor's applications in field because the error coefficients 
of MEMS-based IMU are changing from switch-on to switch-on. Based on the optimal inputs criterion, biases and 
scale factor errors of tri-axial accelerometer and g-dependent biases and fixed biases of tri-axial gyro are selected 
and estimated in six positions that most excite the errors. To execute this method without auxiliary equipment, the 
position could be gotten through the special mechanical structure .A MEMS-based AHRS is used to demonstrate 
the effectiveness of the method, with the algorithm is achieved in a DSP. Allan variance is used to determine the 
time interval in each position and this calibration method can be completed in one minute. Results show that errors 
are reduced greatly. Copyright © 2013 IFSA. 
 
Keywords: Fast field calibration, MEMS-based IMU, Quadrotor, Biases, Scale factor errors. 
 

 
 
1. Introduction 
 

Unlike traditional unmanned aerial vehicles 
(UAVs), quadrotor, as a vertical takeoff and landing 
(VTOL) aircraft, maneuvers more nimbly than 
unmanned fixed-wing aircraft and carries much more 
loads than general unmanned rotorcraft, thus has the 
potential uses of communication, life rescue, air 
pollution monitoring in civil and military field [1, 2]. 
In general, quadrotor is a low dynamic vehicle, and 
flies about 20 minutes with full loads. The maximum 
speed of it is no more than 5 m/s. A typical quadrotor 
is shown in Fig 1. 

An IMU is fundamentally important for the control 
and navigation of quadrotor. Due to the low speed  

and short flight time of the aerial vehicle, 
MEMS-based inertial sensors are more suited for 
quadrotor economically. In general, a  
MEMS-based IMU, including a tri-axial gyroscope 
and a tri-axial accelerometer, can sense inertial inputs 
of six degrees of freedom (6 DOF), while  
the output errors of the sensors are respectively  
much larger than high performance or high accuracy 
ones, such as RLGs or FOGs. Of the various error 
sources, the deterministic errors are the dominant 
components, including biases and scale factor errors 
[3]. As a prerequisite for navigation and control 
applications, calibration of MEMS-based IMU 
emerges to estimate the coefficients of the 
deterministic errors. 

Article number P_1167 
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Fig. 1. A quadrotor made by Laboratory  
of Aerial Robotics of UESTC. 

 
 

Unfortunately, the mentioned parameters of 
MEMS-based sensors are time-varying and change 
from switch-on to switch-on [4]. As a result, 
traditional lab calibration [5] not only cost much but 
also is limited to calibrate MEMS-based sensors when 
used in field. Field calibration [6] is a practical method 
to solve the problem, which does not need for a long 
time of calibration and complex devices such as high 
accuracy turntable. Field calibration method proposed 
by Shin [4] is executed by measuring the outputs of 
IMU in different positions, according to the properties 
(p1): the magnitude of static acceleration vector 
measured equals that of gravitational acceleration 
vector and (p2): the magnitude of static angular 
velocity measured equals that of angular velocity of 
earth. To estimate the coefficients from the 
measurements of multipositions, least-squares 
adjustment is applied to minimize the sum of squared 
errors. As is mentioned by Z. F. Syed et al, the method 
can result in observability problems because of the 
weakness of input signal [7]. W. T. Fong proposed a 
new method for in-field user calibration without any 
external equipment [8], but requires an initial rough 
estimate. Further more, H. L. Zhang et al designed the 
optimal calibration scheme [9] for each coefficient to 
maximize the numerical accuracy, by maximizing the 
sensitivity of the norms with respect to the coefficient, 
but a turntable using method cannot be applied in 
field. 

Although the works mentioned above have born 
fruit, to synthetically consider the application 
situations and carefully choose the dominant 
parameters to be calibrated purposefully, could bring 
more practical significance and less time costing. 

The rest of the paper is organized as follows. 
Section 2 describes the general mathematical model of 
IMU, and the dominated error coefficients are chosen 
to be calibrated. The following section (section 3) 
elaborates the method applied to a quadrotor, and the 
result and analysis are presented in section 4. 
Conclusions and future works are drawn in the end 
(section 5). 

2. Mathematical Model 
 

A tri-axial accelerometer measures the component 
of translational acceleration minus that of 
gravitational acceleration along its input axes and a 
three-axial gyroscope measures the angular rotation 
with respect to inertial space about its input axes [10]. 
Typically, the observations of accelerometer and 
gyroscope can be described using eqs. (1) and (2): 
 

fffff fMfSbfl   (1) 
 

wwwgww wMwSfBbwl  , (2) 

 
where f  is the true value of current specific force and 
w  is the true angular velocity. fl  and wl  denote the 

observations, fS  and wS  are the scale factor errors. 

fM  and wM represent the non-orthogonality matrix, 

f  and w  are the measurement noises. Besides, fb  

is the bias vector of accelerometer. wb  denotes the 

fixed bias and gB  represents the g-dependent bias 

matrix [3], which are characterized in [11, 12]. 
Uncompensated sensor errors can cause large 

accuracy decreasing for the control and navigation 
system, which can be seen approximately from eq. (3) 
[13]: 
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where 0p  denotes the initial position error, and 0v  

denotes the initial velocity error, t  denotes the time 
interval from time 0t  to time t . 0  is the initial 

attitude angle error, g denotes the gravity, zA0  

represents azimuth misalignment. tV  denotes the 
travel distance in t . zA is the change of the carrier 

azimuth angle. 
For quadrotor’s applications, despite the various 

error sources, the relatively major sources are the bias 
and scale factor error of accelerometer and the bias of 
gyroscope, which bring errors proportional to time 
squared or cubed in horizontal position error )(tp . As 
a result, it is advisable to calibrate out only the 
parameters mentioned above to reduce calculation, 
namely, eqs. (1) and (2) can be simplified as: 
 

ffff fSbfl   (4) 
 

wgww fBbwl   (5) 
 

f  and w  are usually assumed as Gaussian 

white noises [11], therefore, we can correct the 
observations using eqs. (6) and (7): 
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3. Calibration Method 
 

As is shown in eqs. (6) and (7), calibration of an 
accelerometer should be prior to that of gyroscope due 
to the g-dependent biases.  
 
 
3.1. Tri-axial Accelerometer 
 

The (p1) can be presented by eq. (8) intuitively: 
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In order to estimate the six parameters as soon as 

possible in field, positions that most excite the errors 
should be found out. According to the optimal inputs 
criterion [9], the optimal position is where 
maximizing the sensitivity of the measurement norms 
with respect to the calibration parameters. Taking the 
partial derivatives of eq. (8) with respect to biases and 
scale factor errors, we have eqs. (9) and (10): 
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where zyxi ,, . 

The sensitivies of specific force norm with respect 
the biases and scale factor errors are maximized when 

fl  is maximized. Therefore, positions that maximum 

excite the biases and scale factor errors are where the 
i -th sensitive axis of static accelerometer points up or 
down vertically. In total, there are six positions to 
complete the calibration in three axes. 

A two step method [14] is applied to estimate the 
coefficients. Taking the x -th axis for example, eq. (8) 
can be transformed to eq. (11): 
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(11) 

 
The Auxiliary variables 1k  through 4k  are defined as 

follows: 
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For n measurements fxL  when the x-th axis 

pointing down and up, the least square solution can be 
gained from the following equations: 
 

AXL fx   (16) 
 

fx
TT LAAAX 1)(  , (17) 

 

where X  is the  Tfzfyfx kbkkbkkb 32211 ,,,,,   and 

the coefficients matrix A  consists of n measurements 
corresponding with eq. (11). 

The 2nd step is to get fxb  and fxS  from eqs. (18) 
and (19): 
 

)1(Xb fx 
 (18) 

 

14  kS fx  
(19) 

 
Analogously, we can estimate the rest biases and 

scale factor errors using eqs. (11) ~ (19). 
 
 
3.2. Tri-axial Gyroscope 
 

Low-cost MEMS-based gyros are not necessarily 
able to measure the angular velocity of the earth. Allan 
variance [15] is applied to analyze the bias instability 
and other error coefficients. In this paper, the Allan 
variance plot of the gyroscope (L3G4200D) is shown 
in Fig. 2. 
 
 

 

 
Fig. 2. Allan variance log-log plot of gyro. 
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In Fig. 2 the minimum of each line represents the 
bias instability. Obviously, the noise level is too high 
to effectively measure the angular velocity of the earth 
(which is about 0.004deg/s). For this reason, the 
angular velocity of the earth is considered to be 
covered by the noise, and ideal output of the static 
gyroscope is deemed to be zero. Then we have: 
 

2)( fBbl gwiwi  , (20) 

 
where zyxi ,, . 

Calibrating gB  first can be much easier when 
using the optimal inputs criterion. Assume two 
observations wil1  and wil2 , we have: 
 

011  fBbl gwiwi  (21) 
 

022  fBbl gwiwi  (22) 
 

Subtracting eq. (22) from eq. (21), we can get the 
equation without gib : 
 

0 zgzygyxgxwi fBfBfBl
 (23) 

 
We need to note that we have ignored the sign of 

f  here. Taking the partial derivatives of eq. (23) with 
respect to the g-dependent biases: 
 

i
gi

l f
B

F





, (24) 

 
where zgzygyxgxwil fBfBfBlF  . 

From eq. (24), positions that most excite 
g-dependent errors are gotten when the norm of if  is 

maximized. The norm of if  can be 1(g) when the 

signs of wil1  and wil2  are the same while 2(g) when 
the signs are different. In conclusion, positions that 
most excite the g-dependent biases are where the i -th 
sensitive axis of static accelerometer points up and 
down vertically, which coincides with the positions 
used for accelerometer. Then, eq. (24) can be rewritten 
as eq. (25) for the other two components are so small 
to be ignored. 
 

0 igwi fBl  (25) 
 

Take the x -th axis for example and assume n 
measurements wxL , the solution can be gained from 

eqs. (26) ~ (27): 
 

xgxwx FBL   (26) 
 

TT
wxgx FFFLB  1)(  (27) 

 
In addition, FF T is an n-order matrix, and the 

inverse operation can be too heavy to airborne 

microprocessor. A method [16] based on Cholesky 
decomposition is applied in this paper and helps to 
reduce time consumption. 

After compensation for g-dependent biases, the 
fixed biases, which are independent with the position 
and movement at the time [3], can be estimated using 
least-squares adjustment (q.v [6]). 
 
 
4. Results and Analysis 
 
4.1. Procedures for Calibration 
 

Just as the analysis in section 3, six positions (with 
three axes pointing up and down respectively) can be 
applied to calibrate both tri-axial accelerometer and 
tri-axial gyroscope. However, in field situations, it is 
impossible to reach the six ideal positions accurately 
without external equipments. Nevertheless, the special 
mechanical structure of a quadrotor provides an 
approximate solution for us in practical applications: 
hold the quadrotor horizontally and upturn, then hang 
it vertically along with each axis of the quadrotor, as is 
shown in Fig. 3. 
 
 

 

 
 

Fig. 3. Scheme for calibration. 
 

 
Moreover, a quasi-static detector [17] can be used 

to enable consecutive measurements, so that the 
calibration can be completed in less time.  

To determine the calibration time, Allan variance 
analysis can be used again [8] and the time interval for 
each position should be at least 2 seconds, as is shown 
in Fig. 4. 

The time interval is set to be 5 seconds in this 
paper, and the proposed method can be completed in  
1 minute in total. 
 
4.2. Calibration Results 
 

A MEMS-based AHRS, as a part of our previous 
work [18], is calibrated on a quadrotor shown in Fig.1. 
in field, following the method proposed in this paper. 
The calibration is completed using a DSP exactly in 
stead of FPGA. The hardware platform is shown in 
Table 1. 
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Fig. 4. Allan variance plot of gyro. 
 
 

Table 1. Hardware platform. 
 

Sample Rate 20 Hz 
Microprocessor TMS320F28335 
Baud Rate 9600 bps 
Tri-axial Accelerometer ADXL345 
Tri-axial Gyroscope L3G4200D 
Tri-axial Magnetometer HMC5883L 

 
 

The tri-axial magnetometer is unused here and a 
UART port of TMS320F28335 is used to export data 
and results. 

The calibration results of biases and scale factor 
errors of tri-axial accelerometer are presented in  
Table 2. 
 
 

Table 2. Calibration results of accelerometer. 
 

Parameters Values 
bias of x-axis -6.172e-2 
bias of y-axis 4.520e-2 
bias of z-axis 5.580e-2 
scale factor error of x-axis 1.805e-2 
scale factor error of y-axis -0.533e-2 
scale factor error of z-axis -1.455e-2 

 
 

To characterize the improvement of the 
calibration, eq. (5) can be used to describe the errors 
before and after they are compensated when the 
accelerometer is hold in static or quasi-static state, as 
is shown in Fig. 5(a) - (f). 

The improvement of the errors after compensated 
is numerically shown in Table 3. 

The calibration results of g-dependent biases are 
presented in Table 4 and the error plot is shown in  
Fig. 6 (a) - (f). 

After the g-dependent biases are compensated, the 
fixed biases can be estimated out using least-squares 
adjustment. The correcting values are adjusted in each 
iteration and become convergent ultimately, as is 
shown in Fig. 7. 

The fixed biases are presented in Table 5. 

 
 

Fig. 5 (a). Error compensation of specific force 
in the 1st position. 

 

 
 
 

Fig. 5 (b). Error compensation of specific force 
 in the 2nd position. 

 

 
 

Fig. 5 (c). Error compensation of specific force 
 in the 3rd position. 

 

 
 

Fig. 5 (d). Error compensation of specific force 
 in the 4th position. 
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Fig. 5 (e). Error compensation of specific force 
 in the 5th position. 

 

 
 

Fig. 5 (f). Error compensation of specific force 
in the 6th position. 

 
Table 3. Comparison of specific force errors. 

 
Uncalibrated Calibrated  

Mean Variance Mean Variance 
P1 -12.665e-2 6.334e-5 1.067e-2 7.526e-5 
P2 -9.800e-2 4.587e-5 -1.369e-2 4.907e-5 
P3 -7.494e-2 5.049e-5 3.473e-2 5.870e-5 
P4 10.600e-2 7.883e-5 1.346e-2 7.494e-5 
P5 16.532e-2 4.683e-5 -0.127e-2 3.801e-5 
P6 12.525e-2 4.431e-5 2.147e-2 3.996e-5 

 
 

Table 4. Results of g-dependent biases of gyro. 
 

Parameters Values 
g-independent bias of X-axis 15.261e-2 
g-independent bias of Y-axis 19.436e-2 
g-independent bias of Z-axis 6.744e-2 

 
 

Table 5. Results of fixed biases of gyro. 
 

Parameters Values 
fixed bias of X-axis -7.404e-2 
fixed bias of Y-axis 20.440e-2 
fixed bias of Z-axis 125.254e-2 

 
 
The errors before and after compensation are 

shown in Fig. 8(a) ~ (f). in the 6 positions, and 
obviously, the error level is improved greatly, as is 
also numerically in Table 6. 

 
 

Fig. 6 (a). g-dependent biases compensation  
of gyroscope in the 1st position. 

 

 
 

Fig. 6 (b). g-dependent biases compensation  
of gyroscope in the 2nd position. 

 

 
 

Fig. 6 (c). g-dependent biases compensation  
of gyroscope in the 3rd position. 

 

 
 

Fig. 6 (d). g-dependent biases compensation  
of gyroscope in the 4th position. 
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Fig. 6 (e). g-dependent biases compensation  
of gyroscope in the 5th position. 

 

 
 

Fig. 6 (f). g-dependent biases compensation  
of gyroscope in the 6th position. 

 
 

 
 

Fig. 7. Adjustment correction of fixed biases. 
 
 

 
 

Fig. 8 (a). Errors compensation of gyro in the 1st position. 

 
 

Fig. 8 (b). Errors compensation of gyro in the 2nd position. 
 
 

 
 

Fig. 8 (c). Errors compensation of gyro in the 3rd position. 
 
 

 
 

Fig. 8 (d). Errors compensation of gyro in the 4th position. 
 
 

 
 

Fig. 8 (e). Errors compensation of gyro in the 5th position. 
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Fig. 8 (f). Errors compensation of gyro in the 6th position. 
 
 
Table 6. Comparison of angular velocity after calibration. 

 
Uncalibrated calibrated 

  
Mean Var. Mean Var 

X 3.913e-2 0.258e-2 -1.332e-2 0.258e-2 
Y 30.243e-2 0.442e-2 2.006e-2 0.442e-2 

P
1 

Z 158.730e-2 0.230e-2 22.703e-2 0.230e-2 
X 3.374e-2 0.262e-2 -8.370e-2 0.262e-2 
Y 40.087e-2 0.803e-2 5.350e-2 0.803e-2 

P
2 

Z 143.026e-2 0.367e-2 0.480e-2 0.367e-2 
X 3.965e-2 0.332e-2 -11.307e-2 0.332e-2 
Y 37.478e-2 0.251e-2 0.788e-2 0.250e-2 

P
3 

Z 148.400e-2 0.270e-2 2.345e-2 0.270e-2 
X 18.139e-2 0.269e-2 14.905e-2 0.267e-2 
Y 34.626e-2 0.290e-2 8.399e-2 0.291e-2 

P
4 

Z 152.991e-2 0.241e-2 18.974e-2 0.241e-2 
X 5.322e-2 0.296e-2 -7.336e-2 0.296e-2 
Y 32.435e-2 0.681e-2 -3.216e-2 0.682e-2 

P
5 

Z 154.643e-2 0.658e-2 11.204e-2 0.658e-2 
X 9.965e-2 0.369e-2 -5.312e-2 0.369e-2 
Y 36.070e-2 0.233e-2 -2.200e-2 0.233e-2 

P
6 

Z 146.365e-2 0.276e-2 0.306e-2 0.276e-2 

 
 

As is shown, the outputs of the gyro are improved 
to some extent and the variances change little. The 
improvement in z-axis of the gyro is better than that in 
the other two axes, but both can be accepted because 
they are under the bias instability. 
 
 
 
5. Conclusions 
 

In this paper, we proposed a fast calibration 
method of MEMS IMU for a quadrotor in field 
applications. This is necessary for low cost inertial 
sensors, as the biases and scale factor errors can 
influence the accuracy of control and navigation 
greatly. The proposed method takes full advantage of 
the mechanical structure and simplifies the 
procedures. In practical, it can be completed in 1 
minute in field without any external equipment. As a 
result, biases and scale factor errors of tri-axial 
accelerometer and biases of tri-axial gyro, including 
fixed and g-dependent biases, are estimated out. 
Results show that the error level has been improved 
greatly. 
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Abstract: The main lobe width of the spatial pulse-echo response for the transducer array is the standard to 
evaluate the lateral resolution of imaging system. The analysis of spatial pulse-echo response for the array plays 
an important role in optimizing the design parameters. This paper studies analysis method for ultrasonic echo 
response by spatial impulse response method for linear MEMS ultrasonic transducer array. Spatial impulse 
response and spatial pulse-echo response of the ultrasonic transducer array is obtained by simulation and 
calculation, also the received signal of each array element and array is obtained, and the simulation results are 
analyzed. These simulations and analyses provide important basis for evaluating imaging system, and have a 
great significance for further optimization of MEMS ultrasonic transducer design parameters. 
Copyright © 2013 IFSA. 

 
Keywords: Linear ultrasonic transducer array, Spatial impulse response, Spatial pulse-echo response. 
 
 
 
1. Introduction 

 
Ultrasonic transducer is a kind of component to 

realize conversion between sound energy and 
electricity energy, which is widely used in all kinds 
of fields such as medical imaging, non-destructive 
testing, flow measurement, ultrasonic cleaning, 
distance measurement, seabed resources exploitation 
and so on. MEMS ultrasonic transducer (MUT) is a 
new type of ultrasonic transducer produced by 
microelectronics and micro-machining technology, 
which has the features of small size, light weight, low 
cost, low power consumption, high reliability, 
flexible frequency control, wide frequency band, 

high sensitivity and ease of achieving integration and 
intelligence. With the improvement and perfection of 
MUT design and micromachining technology, MUT 
has been a promising alternative selection to 
traditional bulk ultrasonic transducer. The MUT 
research mainly includes two aspects of Piezoelectric 
MUT (PMUT) and Capacitance MUT (CMUT). 
PMUT and CMUT have their own merits with 
complementary advantages and develop parallel 
[1-3]. 

In the ultrasonic imaging system, ultrasonic 
sound is transmitted to the measured object, and the 
reflected echo is produced by the measured object, 
the echo signals received are processed, and finally 
the ultrasonic image is generated. Analyzing the 
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ultrasonic echo detected can determine the physical 
properties, geometry, and size of the object and get 
all kinds of information in the transmission path. In 
order to get perfect and useful information, it is 
necessary to analyze and understand the ultrasonic 
exactly. Therefore, analyzing the ultrasonic echo 
signal correctly becomes a key technology for 
ultrasonic testing system and is also an important 
research content of high- precision ultrasonic 
imaging. 

Currently, the studies related to ultrasonic echo 
model mainly uses a linear model, and the 
transmission signal is regard as input excitation 
source, the echo signal is regard as the system output, 
the output response of the entire system is seen as the 
several convolution of the response to the transducer 
pulse, the response to the transmission path and the 
response to the target. The research to the 
characteristics of the ultrasonic echo is mainly to 
analyze the target echo, and obtain the objective 
response by deconvolution, then, estimate parameters 
of each sample by the relationship of the response 
and material parameters. The ultrasonic echo 
parameter estimation methods developed based on 
linear model mainly contain cross-correlation 
method, period-gram method, and spectral analysis 
method and so on. There are also researchers who 
use non-linear model to analyze ultrasonic echo, for 
example, in reference [4], parametric model is used 
for the ultrasonic echo study, which regards 
ultrasonic echo as Gaussian echo signal polluted by 
noise, and calculate higher precision vector 
parameter by Gaussian Newton algorithm with fewer 
number of iterations. This method provides a new 
research mean for ultrasonic testing. 

Linear system model is used in this paper. Pulsed 
field model based on spatial pulse response is used to 
analyze the ultrasonic echo for MEMS ultrasonic 
transducer array, which has a great significance for 
further optimizing the design parameters of the 
MEMS ultrasonic transducer and improving the 
imaging accuracy. 

 
 

2. The Structure Design of MEMS 
Ultrasonic Transducer 

 
MEMS micromachining technology has an 

advantage in batch manufacturing high consistency 
devices. In view of the advantage, N or N × N 
devices, which are used as elements of ultrasonic 
transducer array, can be manufactured in a 
single-crystal wafer to form ultrasonic transducer 
array. The ultrasonic transducers that compose the 
array could be piezoresistive ultrasonic transducers 
or capacitive ultrasonic transducers. The 
piezoresistive ultrasonic transducer generally is used 
the structure of cantilever beam, the higher the 
working frequency is, the bigger the ratio of the 
thickness to length becomes, meanwhile, the 
sensitivity of the structure is greatly declined. In the 

case of the resonance frequency unchanged, it can 
make the sensitivity higher that reducing size and 
decreasing the ratio. In the inspiration of cross beam 
structure, a wider beam that can receive more sound 
pressure signal is designed, which is called main 
vibrating beam, as shown in Fig. 1, two 
micro-sensing beams located in the middle of the 
main vibrating beam, are used in receiving acoustic 
signals, this structure is named micro-sensing beam 
structure. The ultrasonic transducer designed 
according to silicon-silicon processing and bonding 
technologies has some advantages in strong 
controllability, high sensitivity and small 
stray-capacitance, and so on. Based on these 
advantages, a capacitive ultrasonic transducer is 
designed, whose upper electrode is formed by the top 
conductive silicon of SOI chip, whose lower 
electrode is formed by the conductive silicon. The 
whole structure include silicon cavity, the oxide 
insulating protective layer located in closing to the 
surface of the lower electrode and the integration 
whole vibration sheet adopted SOI top silicon. Using 
SOI tablet as vibration sheet, better thickness 
uniformity and more controllable sheet internal stress 
can be achieved. At the same time, its processing 
repeatability will be good, which make it more 
convenient to do batch production. Fig. 2 shows the 
structure profile diagram of a MEMS capacitive 
ultrasonic transducer and its 3D structure. 

 
 

 
 

Fig. 1. Structure of micro-cantilever beam. 
 

 
(a) Structure profile diagram. 

 

 
 

(b) 3D structure 
 

Fig. 2. Structure of capacitive ultrasonic transducer  
of integration whole vibration sheet. 
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3. The Ultrasonic Echo Analysis Method 
Based on Spatial Impulse Repose 

 
According to the linear ultrasonic imaging model, 

the ultrasonic transmission signal is used as the input 
excitation source, and the echo signal as the system 
output, the echo signal is the convolution of emitted 
ultrasonic signal and the imaging system, as is shown 
in the following formula: 

 





  dtxh )()(=x(t)*h(t)=y(t)

, 
(1) 

 
where x(t) is the ultrasonic transmission signal, y(t) is 
the echo signal, and h(t) is the impulse response 
function of the imaging system. 

Ultrasonic field model based on the spatial 
impulse response is derived by linear system theory 
by Tupholme and Stepanishen, and studied deeply by 
Professor Jørgen Arendt Jensen from the Technical 
University of Denmark. Professor Jørgen Arendt 
Jensen divided the transducer into more than one tiny 
element, then convolution and summation is done to 
each the tiny array element excitation function and 
spatial impulse response function to get the ultrasonic 
radiation of the entire transducer [5-10].  

After the transmission pulse field of the 
transducer enters into the measured target, due to the 
perturbation of the density and sound velocity of the 
measured object, ultrasonic radiation forms into 
scattering field after reflection and scattering, the 
transducer receives and processes the scattering field 
signal to obtain the measured target image [8][9][10]. 

Assuming the vibration amplitude and phase of 
each point on the transducer to be the same, 
ultrasonic radiation field of the transducer can be got 
by spatial impulse response model: 
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where, 0  is the density of the medium, r


 
represents the position of the field point in space, 

)t(v  is the particle velocity normal to the transducer 

surface, t)t(v   is the accelerated velocity normal 

to the transducer surface, )t,r(h


 denotes the spatial 
impulse response for the transducer at the field point 
r


by the excitation of unit impulse signal )t( . 
It can be seen from formula (2) that, if the 

vertical vibration speed of each element on the 
transducer surface is known, as long as the spatial 
impulse response )t,r(h


 of the transducer is 

obtained, and then the transducer’s acoustic radiation 
field can be obtained by a convolution operation. 
Since the transducer array is composed by a lot of 
transducers according to certain rules, then the spatial 
pulse response of the transducer array can be attained 
by the accumulative summation of spatial impulse 

response of transducers made of the transducer array, 
that is: 
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(3) 

 
where, assuming all N elements to be identical, N is 
the number of the transducer array, ir


 is the 

position of i-th transducer, pr


 is the location of the 

field point, )t,r,r(h pie


 is the spatial impulse 

response for the i-th transducer, )t,r(h pa


 indicates 

that the spatial pulse response of the transducer array. 
As long as geometrical parameters of the array 

and the vertical vibration speed of each element on 
the transducer surface is known, after the spatial 
impulse response of each transducer is obtained, the 
ultrasonic radiation field of the transducer array can 
be acquired [10]. 

The received signal of the transducer by spatial 
impulse response model can be expressed as: 
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where, t
*

 denotes the time convolution, r
*

 denotes 
the spatial convolution, )t(v pe  is the pulse-echo 

wavelet which includes the transducer excitation and 
the electro-mechanical impulse response during 
emission and reception of the pulse, )r(f m


accounts 

for the inhomogeneities in the tissue due to density 
and propagation velocity perturbations which give 
rise to the scattered signal. )t,r(hpe


 is the 

modified pulse-echo spatial impulse response that 
relates the transducer geometry to the spatial extent 
of the scattered field. These terms may be expressed 
as: 
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where, 0  is the density of the medium, )r(
  

is the disturbance values of the spatial point medium 

density with respect to the average density, 0c  is 

the average acoustic speed, )r(c
  is the 

disturbance values of the spatial point velocity with 
respect to the sound velocity, )t,r(ht


 and )t,r(hr


 

represent the transmitting and the receiving spatial 
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impulse response for the transducer respectively, 
which can be attained by calculation. 

Suppose )r(f m


 is a Dirac function, the 
pulse-echo response for the transducer can be 
attained from formula (4). 

 

),(*),(*)(),( trhtrhtvtrP r
t

t
t
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(5) 

 
If the transducer radiates sound field into a 

completely homogeneous medium, in this uniform 
medium, a tiny plane (approximate to a point) near 
total reflection is placed at r


, then the received 

signal of the transducer is the pulse echo response at 
this point. This almost totally reflected tiny plane is 
called a point target, when the transducer radiates 
sound field in the homogeneous medium, if the point 
target moves regularly in the designated field, the 
spatial pulse echo response for the transducer can be 
attained by recording the peak voltage of the echo 
signal from point target and normalizing, and the unit 
is dB, as is shown in the following formula: 

 

)
MAX

)t,r(pmax
lg(20)r(PE

pe



  (6) 

 

where, )t,r(p pe


 denotes the pulse-echo response 

at field point r


 in the space, which can be 

calculated from formula (5). )t,r(pmax pe


 denotes 

the peak voltage of the pulse-echo response, MAX 
denotes the maximum peak voltage value of the 
pulse-echo response at all points within the specified 
plane, which is the peak voltage of the pulse-echo 
response at the focal point generally. 

Formula (5) and formula (6) is a mathematical 
model of the spatial pulse echo response, which are 
often used to analyze and evaluate the sound field 
characteristic of the transducer and the performance 
of the ultrasonic imaging system [10]. 

 
 

4. Simulation and Analysis 
 

4.1. Simulation Model 
 

The linear MEMS ultrasonic transducer array 
model used in this paper is shown in Fig. 3, the 
center frequency of the array is 2 MHz, the speed of 
sound in water is 1540 m/s, the corresponding 
wavelength λ is 1540/2000000 = 0.77 mm, the 
sampling frequency is 100 MHz, 16 transducers 
compose the array, the length of the transducer is 2λ, 
and the width is 0.3λ, the distance between the 
transducer is 0.4λ, the beam of the array is focused 
exactly at (0,0,60 mm). Fig. 4 shows the impulse 
response and input excitation signal of the 
transducer, the impulse response of the transducer 
uses a sine wave lasted for three cycles, whose 
frequency is 2 MHz. And Hanning window is 

modulated. A sine wave, with the frequency of     
2 MHz, lasts for 2 cycles, is used as the input 
excitation signal. The following simulation is 
realized based on the MATLAB environment and 
some methods take advantage of the functions 
provided in the Field II Kit. 

 
 

 
 

Fig. 3. Transducer array model. 
 
 

 
 

Fig. 4. Impulse response and input excitation signal. 
 
 

4.2. Spatial Impulse Response and Ultrasonic 
Radiation For The Array Element 

 
Spatial impulse response calculation method 

studied by Professor Jørgen Arendt Jensen from 
Technical University of Denmark is adapted in this 
paper, field points are selected at a distance of 15 mm 
above the surface of the transducer array, the lateral 
distances of these field points changes from -10 mm 
to 10 mm at X-axis with the intervals of 1 mm, the 
distribution of field point in the space is shown in 
Fig. 5. The spatial impulse response for the array is 
shown in Fig. 6, the upper diagram of Fig. 6 shows 
the three-dimensional curve of the spatial impulse 
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response, and the lower diagram shows its 
three-dimensional grid graph. Ultrasonic radiation 
field for each field point by transducer array element 
is shown in Fig. 7.  

 
 

 
 

Fig. 5. Distribution of field point in the space. 
 
 

 
 

Fig. 6. Spatial impulse response for array element. 
 
 

 
 

Fig. 7. Ultrasonic radiation field for field point. 
 

4.3. Spatial Impulse Response and Ultrasonic 
Radiation For The Array 

 
By calculation, the spatial impulse response for 

the array is shown in Fig. 8, the top diagram of Fig. 8 
shows the three-dimensional curve of the spatial 
impulse response, and the bottom diagram shows its 
three-dimensional grid graph. Ultrasonic radiation 
field for each field point by transducer array is shown 
in Fig. 9. Gray scale image generated by ultrasonic 
radiation field for each field point by array is shown 
in Fig. 10. 

 
 

 
 

Fig. 8. Spatial impulse response for the array. 
 
 

 
 

Fig. 9. Ultrasonic radiation field for each field point. 
 
 

4.4. The Spatial Pulse-echo Response and the 
Received Signal of the Array 

 
According to formula (5), by calculating, spatial 

pulse-echo response of the transducer in the 
respective field point is shown in Fig. 11, and Fig. 13 
shows the normalized spatial pulse-echo response of 
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the transducer in the respective field point. Gray 
scale image generated by spatial pulse-echo response 
of each field point is shown in Fig. 14. By formula 
(6), the spatial pulse-echo response of the transducer 
array is shown in Fig. 12. Fig. 15 shows the 
normalized receiving signal of the transducer array 
element, and the received signal of the transducer 
array is shown in Fig. 16. 

 
 

  
 

Fig. 10. Gray scale image of radiation field. 
 
 

 
 

Fig. 11. Spatial pulse-echo response for each field point. 
 
 

 
 

Fig. 12. Spatial pulse-echo response for the array. 

 
 

Fig. 13. Normalized spatial pulse-echo response  
for field point. 

 
 

 
 

Fig. 14. Gray scale image of spatial pulse-echo 
response for field point. 

 
 

 
 

Fig. 15. Normalized received signal of each array element. 
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Fig. 16. Received signal of the array. 
 
 
4.5. Influence of Array Design Parameters  

on the Pulse Echo Response Based 
 

4.5.1. Influence of Array Elements Number 
on The Pulse Echo Response 

 
Here, the width of the array element is 0.2λ and 

element space is 0.3λ, analyzing the influence on the 
pulse echo response is based on different number of 
the array elements. When the number of array 
elements is 8, 16, 32, 64, 128, 256 respectively, 
according to the formula (6), the pulse echo response 
for the array is obtained, as shown in the Fig. 17.  
Fig. 17 (a) shows the pulse echo response for 
focusing on the axis of the array. Fig. 17 (b) shows 
the pulse echo response for steering 30o off the axis. 
It can be seen that increasing the number of array 
elements can narrow main lobe width of pulse echo 
response, meanwhile, with the increasing of the 
number, the side lobe amplitude is declined, while 
the number of array elements is increased to a certain 
extent, the width of the main lobe cannot be changed. 

 
 

4.5.2. Influence of Distance between Array 
Elements on Pulse Echo Response 

 
Here, the width of the array element is 0.2λ and 

the array consists of sixteen elements, the influence 
of the array elements spacing on the pulse echo 
response is observed by taking different array 
elements spacing. When array elements spacing is 
0.2λ, 0.3λ, 0.5λ, 1.0λ, 1.5λ, 2.0λ respectively, 
according to the formula (6), the pulse echo response 
for the array is obtained, as shown in the Fig. 18.  
Fig. 18 (a) shows the pulse echo response for 
focusing on the axis of the array. Fig. 18(b) shows 
the pulse echo response for steering 30o off the axis. 
It can be seen that increasing the array element 
spacing can narrow main lobe width of pulse echo 
response, but, if array element spacing is so large as 
to generate the grating lobes, which can cause 
artifacts. 

 
 

(a) 0s   

 

 
 

(b) 30s   

 
Fig. 17. Influence of Array Elements Number on Pulse 

Echo Response. 
 
 

4.5. Analysis of Simulation Results 
 

It can be seen from the spatial pulse response, 
ultrasonic radiation field and spatial pulse-echo 
response for the array that, the spatial pulse response, 
ultrasonic radiation field and spatial pulse-echo 
response of array are related to the position of field 
point (or the distance between field point and the 
array), the ultrasonic radiation field and spatial 
pulse-echo response for the array is mainly 
concentrated in the nearby region of sound axis of the 
transducer array. Therefore, when using a linear 
ultrasonic transducer for image detecting in actual, it 
is necessary to scanned along the measured object for 
high quality image. Further, appropriately increasing 
the number of transducers in the array or increasing 
the distance between the transducers in the array can 
widen the detection range of the array and enhance 
the imaging resolution. 
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(a) 0s   

 

 
 

(b) 30s   

 
Fig. 18. Influence of Distance Between Array Elements on 

Pulse Echo Response. 
 
 

5. Conclusions 
 
The main lobe width of the spatial pulse-echo 

response for the transducer array is the main basis 
and standard to evaluate the lateral resolution of 
imaging system. The analysis of spatial pulse-echo 
response of array has a great significance to optimize 
the design parameters. This paper processes 
pulse-echo response simulation and analysis by 
spatial impulse response method for linear MEMS 
ultrasonic transducer array. It can be seen from the 
simulation results that the spatial pulse-echo response 
is related to the measured position of the object, and 

the response is mainly concentrated in the nearby 
region of sound axis of the transducer array, the 
detection range of the array can be widened by 
increasing the number of transducer in the array or 
increasing the distance between the transducer in the 
array. 
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Abstract: In this paper, we present an enhancement of silicon MEMS microspeakers [1] developed in a previous 
work [2, 3] by using a polymer film. When the silicon MEMS microspeaker was designed and manufactured, the 
choice of silicon beams suspensions allowed to obtain a very large stroke. This design also allowed to increase 
significantly the efficiency of the electro-acoustic transduction. However, as counterpart, fluidic leakage 
(between frontside and backside of the transducer) results in the limitation of the loudspeaker efficiency. The 
designed solution presented here consists in making a highly flexible enclosure of the air path. A thin polymer 
film was formed using a Teflon® mould and baked to promote its polymerization followed by an alignment and 
a transfer onto the microspeaker surface. The aim of this paper is to present simulations and micro-fabrication 
processes of such polymer seals which limit their impacts on the mechanical characteristics of the microspeaker. 
Copyright © 2013 IFSA. 
 
Keywords: MEMS, Microspeaker, Acoustic leakage, Process. 

 

 
 

1. Introduction 
 

Microspeakers are used in lots of mobile devices 
like smart-phone, tablet, camera and laptop which 
represent a market of more than one billion units per 
year. Requirements for the sound quality and sound 
level are more and more specific and need the 
development of microspeakers with highest 
performance. Lots of works have been done in the 
aim to fulfill these two specific wishes [2-4]. 

The sound quality depends in one hand on the 
stiffness and in the other hand on the linear 

displacement of the emissive surface; the sound level 
highly depends on the volume that the emissive 
surface can compress. A solution was found to fulfill 
these two requirements by using silicon material to 
realize a large displacement of the stiff emissive 
surface using thin beam suspensions [5]. 

Silicon suspension beams need a specific design to 
reduce the mechanical constraint, which appear at the 
clamped extremity for large displacements. This 
design implies the creation of acoustic leaks which 
impact on the sound level produced (Fig. 1). 
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http://www.sensorsportal.com


Sensors & Transducers, Vol. 151, Issue 4, April 2013, pp. 18-23 

 19

 
 

Fig. 1. Silicon MEMS Microspeaker  
without acoustic sealing. 

 
 
To overcome this drawback, a first solution with a 

Latex film has been applied on the backside of the 
microspeaker as an acoustic seal but added mass and 
stiffness, which modified dramatically the 
microspeaker behavior. Although the Latex film adds 
mass to the emissive surface and significantly 
increases the suspensions stiffness, it stops the 
acoustic leakage and increases the acoustic level 
produced by the microspeaker. A new acoustic seal 
(materials, thickness and shape) must be designed to 
enhance its performance, for this some FEM models 
have been done to simulate the effects of the film on 
the microspeaker performance. This work has allowed 
to determine the stiffness and the thickness of the film 
which is able to withstand the strain while limiting the 
mass and the stiffness effect. In this paper, we present 
two new designs of acoustic seals that add very little 
mass to the moving part and a low contribution to the 
suspensions stiffness. Two different processes will be 
presented which use the vacuum forming and the spin 
coating fabrication onto a Teflon® mould. 

 
 

2. Seal Design 
 
The seal conception may fulfill three main 

requirements: i) Minimization of the added mass to 
the moving part of the microspeaker; ii) Minimization 
of the added stiffness to the suspensions of the 
microspeaker; iii) Resistance to a high and large 
solicitation, this last point will not be considered in 
this paper. Several seal conception parameters must 
be taken into account in order to minimize the seal 
impact on the microspeaker. The main ones are the 
material and the shape of the seal. This part will 
address these two studies. Moreover, the seal material 
must be shaped in order to accommodate the coil 
thickness, and it must be compatible with the micro-
fabrication process of the microspeaker. 

 
 

2.1. Material Considerations 
 
A previous study of an acoustic sealing of 

microspeaker has used a Latex film. However, much 
mass and stiffness were added that changed 
dramatically both the stroke and shifted the first 

eigen-frequency of the microspeaker. Most of the 
added mass came from the method used to fix the 
Latex film on the backside of the microspeaker. To 
overcome the effect of added mass by bonding, a new 
application method must be improved. Also, in order 
to minimize the acoustic sealing impact on both the 
330 mg mass of the emissive surface and the 6.4 N/m 
stiffness of the suspension beams, several materials 
were investigated. Their properties are summarized in 
Table 1. 

 
 

Table 1. List of different materials (Compatible for  
an integration in the microspeaker micro-fabrication process 

(in grey)). 
 

Materials Latex 
Dry 
film 

PDMS 
(10:1) 

Parylene 
D 

Thickness 
(µm) 

50 15 20 0.5 

Volumic 
mass 

(kg/m3) 
≈ 3600 ≈ 1400 950 1418 

Elastic 
modulus 
(MPa) 

36 2100 1-4 2500 

Temperature 
range (°C) 

[0;140] [0;100] [-40;200] [-200;200]

 
 
Amongst them, the Dry Film is a photo-resist film 

commonly used for high resolution printed circuit 
boards patterning, available in 15 µm thickness. The 
PDMS (PolyDiMethylSiloxane), before 
polymerization, is a liquid polymer which can be spin 
coated to make a film of 10 to 50 µm thickness on a 
plane surface (Fig. 2).  

 
 

 
 

Fig. 2. Spin-coated effect on thickness of PDMS layer. 
 
 
Compared to the Latex film, both Dry film and 

PDMS offer superior qualities regarding the 
requirements described previously. Both of them 
show a lower density than Latex film. The Dry film 
has a higher elastic modulus, so a higher impact on 
suspensions stiffness can be expected. Parylene D 
seems also convenient, but the fabrication of a seal 
with this material has not been investigated yet. 
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2.2. Mechanical Design 
 
Fig. 3 shows the microspeaker (A) with the 

acoustic leakage and the toroidal sealing shape (B) 
that will be bonded on the front side surface. The 
main inconvenient when bonding the seal on this side 
is the coil which is 35 µm high. The seal design must 
therefore take into account the coil constraint but also 
keep the maximum space around the emissive surface 
to have the magnet as near as possible of the coil to 
enhance electrodynamic actuation. 

To define the optimal design, some FEM 
calculations have been done with COMSOL 
Multiphysics® software.  

 
 

 
 

Fig. 3. Split-view (Part A: microspeaker with acoustic 
leaks; Part B: polymer seal). 

 
 

2.3. FEM Model 
 
As the shape of the film over the suspensions and 

the coil will influence the added stiffness, a study was 
carried out in order to find an optimal shape. The use 
of COMSOL Multiphysics® enabled the modeling of 
the assembled structure comprising the microspeaker 
and the acoustic seal. As the microspeaker shape is 
quite complex due to the suspension arms shapes 
needed to minimize the stress at the clamping, a 3D 
model of a thin (20 µm) but large (several 
centimeters) structure may lead to a very large 
number of DOF. A 2D-axi-symmetrical modeling was 
therefore chosen in order to save computation time 
Fig. 4. Previous 3D modeling results of the structure 
required more than 1 million of DOF as, with the 
simplified 2D-model, only 50 000 DOF were needed. 

 
 

 
 

Fig. 4. 2D Simulation of the film effect on the stiffness. 
 

2.4. Modeling Parameters Definition 
 
A toroidal shape has been chosen for the acoustic 

seal. Its parameters (film thickness, film bridge 
length, and tangent angle) are described on Fig. 5. 
These two latter parameters will define the mould 
shape used for the seal forming. For the dry film, the 
forming method (shaping onto a mould under 
vacuum) induces a film thinning on the deformed 
part. This has to be taken into account in the FEM 
modeling. A simple model (1) gives the thinning 
factor as a function of the toroidal shape parameters: 

 

arcl

bridgefilml
filmhbridgefilmh

_

__
*___   (1) 

 
with: 

 

360
*

sin*2

__
*4_




 







bridgefilml
arcl , (2)

 
where bridgefilmh __ is the thickness of the 

polymer bridge, filmh _  is the thickness before 

vacuum forming process, bridgefilml __ is the 

bridge length, arcl _  is the length of the arc formed 

by the bridge and   is the angle between the tangent 
to the bridge and the microspeaker surface. 

 
For the PDMS film, no noticeable thinning was 

measured as it is obtained by a conformal spin coating 
of the liquid PDMS onto the mould. 

 
 

 
 

Fig. 5. Modeling parameters depending on the process and 
the material (h_film: thickness; l_film_bridge: "bridge" 

length; θ:tangent to the "bridge"). 
 
 

2.5. FEM Simulation Results 
 
The deformed shape computed for seal and a 

microspeaker is depicted on Fig. 3. All simulations 
presented in this paper have been done for a 
displacement X of 600 µm which is the maximum 
displacement possible by the microspeaker 
electrodynamic actuator without any acoustic sealing.  

The different results presented Fig. 6 come from 
the simplified 2D-model with the different parameters 
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describe in paragraph 2.2. The parameters that 
minimize the acoustic sealing effect on the 
microspeaker are the minimum angle value θ and the 
maximum value l_film_bridge. Due to the m the 
micro-fabrication process limit, the values chosen are 
an angle of 10° and a bridge length of 6 mm for the 
both processes. For this configuration the global 
stiffness calculated is arround 30 N.m-1 for the dry 
film material whereas it is less than 6.5 N.m-1 for the 
PDMS. The interest to realize a toroidal seal shape is 
the low participation of the tensile strength which is 
conditioned by the parameters θ and l_film_bridge. 

 

 
 

Fig. 6. Simulation results on the stiffness variation in 
function of the tangent angle (θ) and the bridge length 
(l_film_bridge): dry film (red: a) and c) ) and PDMS  

(blue: b) and c)). 
 
 

3. Micro-fabrication 
 
As the PDMS and the dry film are available in 

different states (respectively solid and liquid) two 
micro-fabrication processes were developed. The first 
one (PDMS) was used for its mechanical 
characteristics and its temperature range of use. The 
second one (dry film) have been used to enhance the 

deliverability for a full wafer integration whereas the 
PDMS seal can only be processed for a single die 
level.  

 
 

3.1. Spin Coating Process 
 
PDMS process uses the spin coating of the liquid 

PDMS on the mould (Fig. 7-1 to 3). Then, the micro-
speaker is reported onto the film before curing  
(Fig. 7-4). A pressure plate holds the microspeaker in 
place during curing in an oven (Fig. 7-5), before the 
removing of the micro-speaker with the PDMS film 
bonded onto it. 

An advantage of this process is that the bonding 
step and the polymerization of the PDMS can be 
processed at the same time. At this step the PDMS 
sticks to the microspeaker. No glue is further 
required, so the added mass is minimum. 

 
 

3.2. Vacuum Forming Process 
 
A dedicated mould and a vacuum support have 

been developed for the dry-film process.  
The dry film is set-up over a micro-perforated 

mould (Fig. 8-1). A primary vacuum is made between 
the film and the mould; the atmospheric pressure 
pushes the film into the mould shape (Fig. 8-2). Then, 
vacuum is hold as the dry-film is UV-exposed, hence 
freezing its shape (Fig. 8-3). A photo-resist spray-
coating (Fig. 8-4) will ensure the film sticking onto 
the micro-speaker (Fig. 8-5) before the vacuum 
release (Fig. 8-6).  

A drawback of this process is the use of a glue 
layer to stick the membrane onto the microspeaker 
which brings mass on the emissive surface. A second 
method has been developed to reduce even more the 
added mass. 

 
 

 
 

Fig. 7. Main steps in the PDMS seal micro-fabrication process. 
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Fig. 8. Main steps in the dry resist film seal micro-fabrication process. 
 
 

3.3. Micro-fabrication Comparison 
 
The two seals developed and presented in this 

paper have different characteristics (added stiffness 
and added mass) compared to the Latex film in  
Table 2. We have reduced the stiffness impact by 10 
for the Dry film seal and the PDMS seal have almost 
any influence in this configuration.  

 
 

Table 2. Chosen parameters for each seal fabricated. 
 

Materials 
Θ 
(°) 

lfilm 

bridge 
(mm) 

hfilm 
(mm) 

Added 
Stiffness 

(N/m) 

Added 
mass 
(mg) 

Latex 0 0 50 131.60 
40 (incl. 

glue) 

PDMS 10 8 20 0.05 3.80 

Dry film 10 8 15 12.90 
4.20 

+ spray 
resist 

 
 

Another point that is worth to be noted is the 
temperature resistance: microspeaker with PDMS seal 
can be used in an environment from -40 °C up to 
+200 °C whereas the dry film do not withstand 
temperatures below 0 °C and higher than 100 °C. 
Although the PDMS seems to be better than dry film, 
the fabrication process can be applied on a full wafer 
that is not the case for the PDMS one which uses spin 
coating. This factor is very important in industry 
where the fabrication cost is a critical parameter.  

 
 

4. Conclusion and Future Works 
 
The microspeaker designed previously [1] showed 

a dramatically low efficiency due to large acoustic 
leaks between the front and the back side of the 
emissive surface. Two acoustic seals have been 

developed which suppress acoustic leakage and limit 
their impacts on the large stroke and the stiff emissive 
surface of the microspeaker. 

This work has presented a numerical modeling of 
an acoustic seal shape in order to lower its impact on 
the microspeaker suspension stiffness. Several 
materials were investigated and two of them (Dry film 
and PDMS) were chosen for their properties and ease 
of use. Two dedicated fabrication processes have been 
developed, one for each materials. The two seals 
exhibit different properties which one can take 
advantage regarding the condition of use of the 
microspeaker. For example, indoor use microspeaker 
does not need a resistance to high temperature 
variation whereas outdoor use will require a specific 
sealing like PDMS which resists from -40 °C to  
200 °C. 

The next work on acoustic sealing will be the 
characterization of the added stiffness and added mass 
on the mechanical microspeaker characteristics. A 
characterization of the seal’s fatigue is required to 
determine the time life of the polymer. Today's 
microspeaker suspensions resist to an excitation of  
1 billion of cycle with a condition of displacement in 
the limit of elasticity domain. 
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Abstract: An acoustic streaming micropump driven by boundary layer streaming is proposed. The streaming 
velocity is simulated by employing the direct streaming method. When the vibration displacement is 0.1 m 
with a driving frequency of 1.0 MHz, an average outlet velocity of 4.87 mm/s can be obtained. Analysis 
indicates that the average outlet velocity is proportional to the square of the vibration displacement and the 
driving frequency. When the fluid viscosity is less than 10-4 Pa•s, the average outlet velocity remains 
unchanged, otherwise the average outlet velocity decreases with the fluid viscosity increasing. Finally the 
influence of back pressure on the average outlet velocity is simulated and the maximum back pressure of the 
designed acoustic streaming micropump achieved is 135 Pa. Copyright © 2013 IFSA. 
 
Keywords: Acoustic streaming, Computational fluid dynamics, Valveless micropump. 
 
 
 
1. Introduction 
 

Micropump plays an important role in 
microfluidic devices, which has been widely used in 
many fields such as microfluidic cooling, 
biochemical analysis and drug release [1]. Valve 
micropumps use mechanical components to achieve 
rectification with a satisfactory unidirectional 
performance. However, their miniaturization and 
lifetime are limited due to moving parts [2]. Stemme 
et al. developed a valveless micropump [3], in which 
the check valves were replaced by diffuser/nozzle. 
Diffuser/nozzle had different resistance in both 
directions, so the micropump could produce 
unidirectional net flow. From then on, valveless 
micropump has become a research hot topic. The 

performance of diffuser/nozzle micropump depends 
heavily on the structural design of the inlet and 
outlet, so the unidirectional performance is not very 
satisfactory. Electroosmotic micropump is another 
valveless micropump that contains no moving parts 
and is relatively easy to integrate in microfluidic 
circuits during fabrication, but it has special 
requirements on wall materials and fluid properties, 
besides the high driving voltage may cause heat and 
security issues [4].  

The piezoelectric ultrasonic micropump depends 
on the ultrasonic vibration that is generated by a 
piezoelectric vibrator, and the fluid flow is driven by 
friction, acoustic streaming and acoustic radiation 
force. This type of micropump works with a low 
working voltage and will not cause heat transfer. 
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Without any special requirement on the liquid or gas 
to be transferred, the piezoelectric ultrasonic 
micropump can be used for transmission of liquid 
containing DNA or other biological samples. 

Previously we have shown that acoustic streaming 
is an important factor in ultrasonic traveling wave 
driving [5]. In this paper, a boundary layer acoustic 
streaming micropump based on longitudinal acoustic 
wave is designed. High frequency AC voltage is 
applied on the PZT film outside the microchannel. 
The sound wave generated by the vibration of the 
microchannel wall attenuates and causes pressure 
gradient to pump the fluid flow. Without pressure 
chamber and valves, the miniaturization and 
reliability of certain devices have been improved 
significantly. A boundary layer streaming micropump 
model is developed, which can be used for the study 
of the instantaneous velocity and time-averaged 
velocity. The influence of driving voltage, driving 
frequency, fluid viscosity and back pressure on the 
time-averaged velocity is analyzed comprehensively. 

 
 

2. Analysis Method 
 
Viscous loses or rigid boundary oscillating can 

result in acoustic attenuation, and then Reynolds 
stress is created. The steady fluid flow caused by the 
Reynolds stress is acoustic streaming.  

Acoustic streaming generated by solid and fluid 
interface vibration is called boundary layer driven 
streaming, which includes inner and outer layer 
streaming. Rayleigh analyzed outer layer streaming 
by pushing standing wave between two parallel 
plates, and he attributed the observed phenomenon to 
nonlinear second order effect. The Rayleigh method 
is still a typical analysis tool for acoustic streaming 
analysis today. Schlichting studied the 
incompressible fluid on a vibration plate and 
calculated the two-dimensional structure of inner 
streaming. Later Nyborg described the theory of 
acoustic streaming comprehensively [6]. Fig. 1 
represents the inner and outer boundary streaming, in 
which the diameter of the vortex is λ/4. 

 
 

i nner st reami ng

out er st reami ng

vel oci t y node

4


4


 
 

Fig. 1. Acoustic streaming. 

There are two fundamental methods for the study 
of acoustic streaming, one is Nyborg force method, 
and the other is the direct streaming method [7]. 

In Nyborg force method, pressure, density and 
velocity are decomposed into first and second order 
items through successive approximation method. The 

particle vibration velocity 1U  can be calculated. The 

unit volume driving force, which is called Nyborg 
force, can be calculated using the following equation: 

 
 

0 1 1 1 1( ) ( )F U U U U     , (1) 
 

where 0  is the density, 1U is the first-order sound 

field velocity, and  is the time-averaged 

calculation. 
Substitute equation 1 to equation 2 and the 

acoustic streaming velocity 2U  can be calculated: 

 
 

2 2 2

4

3
p U U F           

, (2) 

 

where 2p is the second order pressure,  is the bulk 

viscosity, and is the dynamic viscosity. 

Direct streaming method, which is, completely 
solving of the Navier-Stoke’s equation by using 
simulation software without making any 
assumptions. Components of the instantaneous 
velocity at each node can be obtained and then the 
time-averaged velocity can be calculated in a period 
of time. 

The calculated instantaneous velocity contains the 
first and second order terms: 
 

 
1 2U U U  , (3) 

 
The time-averaged first order term is zero, so the 

time-averaged U  is equal to 2U , that is, acoustic 

streaming velocity: 
 

 
1 2 2U U U U   , (4) 

 
The solution thus obtained is believed to be more 

accurate. This method has been used before to model 
a micro machined flexural plate wave device for fluid 
pumping based on acoustic streaming in water [8]. 
Sathaye et al. also used this method to solve the 
acoustic streaming velocity [7]. In our paper, direct 
streaming method is used to obtain more accurate 
solutions. 
 
 
3. Analysis Model 
 

The designed acoustic streaming micropump is an 
integral part of a flow cytometer. The required pipe 
diameter is 10 m 10 m. According to the acoustic 
streaming theory of Nyborg, the direction of inner 
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streaming is from the structure to fluid at the 
vibration antinodes near the fluid-structure interface 
and the direction of outer streaming is from the fluid 
to structure. For 1 MHz water, the boundary layer 
thickness is about several m [9]. Therefore, in order 
to obtain the unidirectional flow, the boundary layer 
streaming micropump model is designed as shown in 
Fig. 2 (a). The micropump includes five parts: inlet 
and outlet sections, streaming chamber, offset cavity 
and PZT. All of them are with square cross section of 
10 m  10 m. The lengths of inlet and outlet 
section are both 10 m. Thickness of the wall and the 
PZT are both 1 m. When sinusoidal voltage with 
high frequency is applied on the PZT, vibration will 
be generated on fluid-structure interface. There is 
only z-directional streaming because of the 
restrictions of the pipe size. The offset cavity helps to 
eliminate reflux and then unidirectional flow from 
inlet to outlet is obtained.  

Preliminary numerical analysis found that there 
are quite obvious vortexes near both corners of the 
streaming cavity when Fig. 2 (a) is applied. The 
presence of the vortex not only affects the 
transmission of the fluid, but also increases the wear 
of the device. What’s worse, the cells in the solution 
could be damaged. So the final designed model 
adopted a filleted corner as shown in Fig. 2 (b). 
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Fig. 2. Structure model of the boundary layer  
streaming micropump. 

 
 

Both ends of PZT are fixed. y=0 plane is the 
fluid-structure interface. High frequency alternating 
current as follows is applied on the electrodes of 
PZT: 

 sin( )V A t , (5) 
 

where A is the voltage amplitude and is the angular 
frequency. 

Opening boundary conditions are used in the inlet 
and outlet and the pressure is set to 1 atm. No-slip 
wall boundary conditions are used in other surfaces.  

In order to ensure the simulation accuracy, the 
mesh size should be decreased as small as possible. 
But this tends to bring the huge overhead of memory 
and the simulation time becomes intolerable.  

As we know, a cycle of continuous sinusoidal 
signal can be discretized using at least two points, so 
a wavelength of pressure waveform contains at least 
two mesh grids. If the maximum driving frequency is 
50 MHz for water, the maximum mesh grid allowed 
should satisfy: 

 
 

6 1

1500[ ]
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2 2 2 50 10 [ ]
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f s

    
 

, (6) 

 
In this design, the minimum mesh grid is 2.7 m 

and able to ensure the simulation accuracy. 
 
 

4. Results and Discussions 
 

4.1. Instantaneous Velocity 
 
When the driving frequency is 1 MHz and the 

vibration displacement is 0.1 m, the instantaneous 
velocity field of the y = 0 plane is shown in Fig. 3. 
Fig. 3 (a) and (b) represent the instantaneous velocity 
vector of T/2 and T, respectively. Positive and 
negative alternates can be found in a single cycle. 
The surface-averaged outlet velocity is approximately 
a sinusoidal shape as shown in Fig. 3 (c). As its 
positive peak velocity is greater than the negative 
velocity peak, unidirectional net flow is able to 
achieve in a cycle. 

 
 

4.2. Acoustic Streaming Velocity 
 
Acoustic streaming is calculated by direct 

streaming method, with 10 sub steps per cycle. Data 
of the 10 sub steps of the first cycle are abandoned in 
consideration of instability and only 11-100 sub steps 
data are adapted to make average calculating. 

When the driving frequency is 1 MHz and the 
vibration displacement is 0.1 m, the calculated 
acoustic streaming velocity vector is shown in Fig. 4. 
There is a stable unidirectional flow from inlet to 
outlet under the driving force of the acoustic 
streaming. The inlet acoustic streaming velocity near 
vibration surface reaches 17.25 mm/s and the 
velocity far away from vibration surface is smaller. 
The maximum outlet velocity is about 12.12 mm/s 
and the flow pattern is poiseuille flow. The velocity 
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in offset cavity is nearly zero, but it is essential, 
otherwise unidirectional flow is difficult to obtain. 
Under above driving conditions, the average outlet 
velocity is 4.87 mm/s. 

 
 

 
 

(a) Instantaneous velocity vector of T/2. 
 
 

 
 

(b) Instantaneous velocity vector of T. 
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(c) The surface-averaged outlet velocity. 
 

Fig. 3. The instantaneous velocity. 
 

 

 
 

Fig. 4. The acoustic streaming velocity vector. 

4.3. Influence of Vibration Displacement 
 
When the driving frequency is 1 MHz and the 

vibration displacement is 0.1-0.5 m, the relationship 
between the average outlet velocity and the vibration 
displacement is shown in Fig. 5. It can be found that 
the average outlet velocity is approximately 
proportional to the square of the vibration 
displacement. According to the generation 
mechanism of acoustic streaming, the driving force 
of acoustic streaming is proportional to the sound 
intensity. The sound intensity is proportional to the 
square of the vibration displacement. The relationship 
between PZT film vibration displacement and the 
driving voltage is approximately linear, so the 
average outlet velocity is approximately proportional 
to the square of the driving voltage. This conclusion 
is consistent with the experimental observations of 
Suzuki et al. [10]. 
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Fig. 5. Relationship between the average outlet velocity 
and the vibration displacement. 

 
 
4.4. Influence of Driving Frequency 

 
When the vibration displacement is 0.1 m and 

the driving frequency is 1-5 MHz, the relationship 
between the average outlet velocity and the driving 
frequency is shown in Fig. 6.  
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Fig. 6. Relationship between the average outlet velocity 
and the driving frequency. 

 
 
The average outlet velocity is also approximately 

proportional to the square of the driving frequency. 
The sound pressure is proportional to the driving 
frequency, and the sound intensity is proportional to 
the square of the driving frequency. So the Nyborg 
force is proportional to the square of the driving 
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frequency. When the frequency is high enough, 
acoustic streaming can be generated easily without a 
strong acoustic wave. At the same time as the driving 
frequency decreases, the driving force of acoustic 
streaming decline clearly. Wei et al. have found that 
when the frequency drops to 2000-2500 Hz, the 
driving force of acoustic streaming is already very 
small [5]. Sun et al. also demonstrated this 
conclusion [11]. 
 
 
4.5. Influence of the Fluid Viscosity 

 
When the driving frequency is 1 MHz, the 

vibration displacement is 0.1 m, and the heat 
transfer is ignored, the relationship between the 
average outlet velocity and the fluid viscosity is 
shown in Fig. 7. When the fluid viscosity is very 
small (0-10-4 Pa·s), the average outlet velocity remain 
0.0095 m/s. When the fluid viscosity is larger than  
10-4 Pa·s, the average outlet velocity decreases with 
the fluid viscosity increasing. Frampton et al. have 
been confirmed that in a 10 m scale channel the 
boundary layer streaming is the major factor and the 
streaming caused by the viscous attenuation may be 
negligible [9]. In this case the fluid viscosity will 
only generate a viscous resistance. When the 
viscosity is very small, the viscous resistance is 
small. The acoustic streaming determined by the 
boundary layer is approximately constant due to no 
changing in other factors. When the fluid viscosity 
increases, viscous resistance increases too. The 
average outlet velocity decreases gradually with the 
decreasing of the acoustic streaming force. 
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Fig. 7. Relationship between the average outlet velocity 
and the fluid viscosity. 

 
 
4.6. Influence of the Back Pressure 

 
When the driving frequency is 1 MHz, the 

vibration displacement is 0.1 m, and the pressure 
difference between the inlet and the outlet is 0, 20, 
40, 60, 80 Pa respectively, the relationship between 
the average outlet velocity and the back pressure is 
shown in Fig. 8. The average outlet velocity 
decreases with the back pressure increasing. When 
the back pressure reaches about 130-140 Pa, the 
average outlet velocity reduces to zero. Compared to 
the back pressure of piezoelectric film reciprocating 
micropump, which is hundreds of Pa, the back 

pressure of boundary layer streaming micropump is 
relatively small. This kind of micropump based on 
longitudinal acoustic streaming has weak pressure 
driving ability and can only be applied to some low-
pressure-driven applications. 
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Fig. 8. Relationship between the average outlet velocity 
and the back pressure. 

 
 
5. Conclusions 

 
Based on the acoustic streaming theory of Nyborg 

and direct streaming method, the streaming velocity 
distribution in a micro channel is calculated. Model 
of a boundary layer streaming micropump is designed 
and influence factors on the time averaged outlet 
velocity are analyzed. Our results indicate that 
excellent pumping performance can be obtained 
when the fluid viscosity is less than 10-4 Pa•s. The 
pumping velocity can be easily controlled by 
changing the driving frequency or the driving 
voltage. 

Compared with other microfluidic driving 
methods, the acoustic streaming micropump has 
several advantages. First, the reliability is greatly 
improved due to that the micropump are with no 
moving parts, which can also help to further simplify 
the structure of the micropump. Second, there are no 
nozzles, valves and other mechanical components, so 
damage of the cells suspended in solution will be 
reduced. Third, the micropump model proposed here 
will help for the device miniaturization. Because 
acoustic streaming is a second order non-linear 
phenomenon, only a small part of the sound energy is 
changed into the fluid kinetic energy, future work 
will be performed on enhancing the efficiency of the 
acoustic streaming micropump. 
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Abstract: Low Reynolds number flow is one of the main challenges in Lab-On-a-Chip’s components like 
micromixers. In such scale, we need to turn viscose effects into the dominate factors. This study proposes a 
MEMS-based electroosmotic micromixer, the idea is to perform the mixing operation in curvature of the 
conventional Lab-On-a-Chip microchannels. The results revealed a high performance mixer, with mixing 
efficiency of above 90 % for two mixing unit. The frequency response demonstrated the ability of the mixer to 
produce chaotic mixing associated with stretching, folding and breaking the fluid up, for the frequency range 
of 2-10 [Hz]. High voltages cause strong electric field gradient in the microchannel. The frequency effect is 
more significant than the effect of voltage amplitude. Copyright © 2013 IFSA. 
 
Keywords: Lab-On-a-Chip, MEMS-based, Low Reynolds number flow, Micromixer, Electroosmotic flow. 
 
 
 
1. Introduction 
 

Recently, advances in microfluidic devices have 
been employed in chemical and biological 
applications. Lab-On-a-Chip (LOC) devices 
integrate a number of microfluidic components, such 
as mixers, pumps, valves, separators, reactors and 
detectors in a single chip. These devices offer the 
ability to smaller fluid volumes, shorter analysis 
time, low cost and in the range of several to 
hundreds of micron. Micro-scale turns the viscous 
effects into the dominate factors [1, 2]. Micromixer 
is an important component of the microfluidic for 
chemical and biological analysis. Reducing the 
channel dimensions to the micron scale results in a 
laminar flow, characterized by low Reynolds 
number: 
 
 


hdU

Re  ,  (1) 

where Re is the dimension less Reynolds number,  
U is the average flow velocity, dh is the hydraulic 
diameter of the channel and ν is the kinematic 
viscosity of the liquid [2, 3]. Due to small scale and 
lack of turbulent flow, molecular diffusion is the 
main transport phenomena in such scale. 
Micromixers can be classified into passive and 
active types. A passive mixer usually contains 
irregular channel geometry to perturb flow 
streamlines, such as zigzag shaped micromixer [4], 
enhance mixing process by obstacles [5] and so on. 
In contrast to the passive mixers, active mixer 
achieving a mixing effect by inducing external 
driving force to enhance the mixing effect, including 
acoustic vibration [6], thermal [7], magnetic [8] and 
electrokinetic [9, 10]. An effective mixing in low 
Reynolds number flow regimes can be obtained by 
the chaotic mechanism and generate s significant 
increase in the interfacial contact area. In the most 
literatures, chaotic regime is used to mix fluids in 
laminar flows, associated with stretching and 
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folding. Electroosmotic force shows considerable 
promise for application in micropumps and 
micromixers. In order to mix small reagents and 
overcome the viscous resistance of fluid flow in 
microchannels, generating chaos regime can be so 
helpful. Electroosmotic force is the excellent 
solution and it is more efficient force in such scale. 
In this case, ionized liquid moves relative to the 
stationary charged surface by action of the applied 
electric field [11]. 

This paper investigates mixing operation in 
curvature of conventional Lab-On-a-Chip 
microchannels. For this purpose, firstly the design of 
the mixer will describe in section 2. The theory and 
boundary conditions of the electroosmotic 
micromixer are aimed to be described in section 3. 
Section 4 will perform a set of simulations to 
investigate the interaction between the primary stead 
flow and induced secondary electroosmotic flow, 
species concentration distribution, chaotic regime 
and the corresponding mixing efficiency. Also, the 
effect of excitation parameters (such as: voltage 
amplitude and frequency) will be investigated. 
 
 
2. Design Consideration 
 

In this study, the mixing channel is to be 
designed with a meander shape. Actually, we use a 
miniaturized tortuous two-dimensional 
microchannel. The value of geometrical parameters 
of the mixer were assigned in accordance with  
Table 1 and also shown in Fig. 1. It takes two fluid 
from inlets A and B, and combines them into a 
single microchannel. Electrosmotic force is induced 
by actuating the electrodes. As shown in Fig. 1, it 
assumes the pumping process occurs with AC 
electroosmotic pump in straight walls and the 
mixing process will occur by electroosmotic force. 
 

 
 

Fig. 1. Schematic view of a meander shape microchannel.  
 
 

Table 1. Geometrical parameters of a mixer unit. 
 

Symbol Description Value (μm) 

R1 
Internal radius of a 
mixing unit 

30 

R2 
External radius of a 
mixing unit 

60 

W Channel width 30 
d Size of the electrodes 8 

3. Theory and Boundary Conditions 
 

The equations governing incompressible liquid 
flow are the Navier-Stokes equation (Equation 2) 
and continuity equation (Equation 3) [12], Including 
external electric field and electrical driving force 
terms. Electrical driving force represents interaction 
between electrical double layer (EDL) and excess 
ions [13]. 
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  0u  ,  (3) 
 
where   is the fluid density, u


 is the bulk 

electroosmotic flow velocity ,)ĵuîuu( yx 


p  is 

the pressure in the microchannel,   is the fluid 

viscosity, e  is the net electric charge density, and 

E


 is the local electric field strength can then be 
expressed as: 
 
 

eE  ,  (4) 

 
where e is the electric potential. If a tangential 

electric field is applied to an electrolyte solution, the 
charge in the electrical double layer (EDL) between 
the surface and the electrolyte, experience a 
significant force. Consequently, these double layer 
charges move, pulling the fluid along and generating 
a secondary flow. The effect of electroosmotic flow 
is considered as slip wall boundary condition for 
fluid motion equation. The electroosmotic velocity 
is well approximated by Helmholts-Smoluchowski 
equation (Equation 5), which is valid for thin double 
layer [11, 14]: 
 
 


 E

U r0
eo  ,  (5) 

 
where 0 is the dielectric permittivity in a 

vacuum, r  is the relative dielectric permittivity of 

the liquid,  is the electrokinetic zeta potential, 

 is the fluid dynamic viscosity and E is the electric 

field. The concentration field of solution in such an 
electroosmotic flow can be described by 
Convection-Diffusion equation: 
 
 

CDC)uu(
t

C 2
epeo 




,  (6) 

 
where C  is the concentration of species (Fluid A 
and B are described by species concentration of  
1 and 0 mol.m-3, respectively), D  is the diffusion 
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coefficient of the species, eou  is the electroosmotic 

velocity of the species, and epu  is the 

electrophoretic velocity of the species, which, the 
electrophoretic mobility of the species is negligible 
in comparison with the electroosmotic mobility [15]. 
Material properties of the solution and also 
boundary conditions are shown in Table 2 and Fig. 
2, respectively. As shown in Fig. 2, the electrodes 
are located in the side walls and excited by time-

dependent voltages ( )()( 21 tandt  ). The phase 

difference among )(1 t  and )(2 t is 180 degrees. 
 
 

 
 

Fig. 2. A mixing unit boundary conditions; five 
microelectrodes are placed in the side walls  

(the microelectrode’s size is d). 
 
 

As discussed earlier, the current simulation 
model considers the laminar flow due to the small 
characteristic length scale. It mixes two species in to 
the microchannel. It assumes the variation in the 
fluid concentration does not alter the viscosity and 
density properties of two fluids [16]. The mean 

velocity of the initial fluid is 0U (driven by AC 

electroosmotic pump [17, 18]). 
 
 

Table 2. Material properties of the mixing rocess. 
 

Symbol Description Value 
D Diffusion coefficient 110-11 m2.s-1 
µ Viscosity of fluid 110-3 N.s.m-2 
ρ Density of fluid 103 kg.m-3 
ζ ζ-potential -100 mV 
εr Dielectric constant 80.2 
ε0 Vacuum permittivity 8.85410-12 F.m-1

U0 Mean input velocity 0.1 mm.s-1 

V0 
Amplitude of electric 
potential 

500 mV 

ƒ Frequency excitation 6 Hz 
 
 

The pressures at the two ends of the 
microchannel were specified as zero: 
 
  )OutletandInletat(.0P    (7) 

Also, the pressure gradient is set to be zero at the 
channel walls, considering no flux across the walls: 
 
  )wallschannelat(.0Pn    (8) 
 

The electrodes in the side walls are modeled by 
placing the boundary conditions as shown in Fig. 2. 
Insulation conditions (Equation 9) were applied at 
other boundary conditions.  
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The transverse electric field intensity is given by 

Equation 4. The Laplace equation (Equation 10) can 
be used to solve the transverse electric potential 
subject to the boundary conditions shown in Fig. 2. 
 
  0ˆ e
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The corresponding boundary conditions for the 

slip velocity are: 
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The electrodes are excited and generating different 
flow patterns. Resulting, mixing process is occurred 
by interaction between the primary steady flow and 
secondary oscillatory external electric field [19]. 
 
 
4. Results and Discussion 
 
A set of simulations were performed to investigate 
the fluid velocity streamlines, species concentration 
distribution, mixing performance and the effect 
excitation parameters. Fluid velocity streamlines are 
shown in Fig. 3, for different times. Actually, the 
streamlines show the interaction between the initial 
steady velocity flow and the secondary time-
dependent flow. The electroosmotically-driven 
flows are oscillating with the frequency of ƒ. In a 
result, we can see the eddy rotation by separating the 
streamlines near the electrodes. This actions cause to 
chaotic regime, associated with stretching, folding 
and breaking the fluid up, which significantly 
increases the interfacial area between the two 
solutions (solvent and solute) [11]. 
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Fig. 3. Fluid velocity streamlines at different times. 
 
 

Fig. 4 illustrates the evolution of the species 
concentration distribution in the bended 
microchannel. It can be seen that the chaotic 
perturbation effects generated, due to the 
electroosmotic secondary flow. 

Species concentration profiles are plotted for 
different times as a function of channel width  
in Fig. 5. 

 
 

4.1. Mixing Efficiency 
 

In order to evaluate mixing performance, the 
mixing efficiency Q at any cross-section of the 
microchannel can be quantified via the following 
equation [20]. 
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where, C is the species concentration across the 
width of the channel, C is the species 
concentration in the perfectly mixed state (C=0.5), 
and C0 is species concentration in the completely 
unmixed condition (C0 = 0 or 1). Fig. 6 illustrates 
mixing efficiencies profile for two units of bended 
channels.  
 
 
4.2. Excitation Parameters 
 

As discussed earlier, when the electrodes are 
excited by electric potential, the recirculation 
phenomena is created periodically near the walls. 
These secondary flow leads to mix the low Reynolds 
number flow. The electroosmotic field intensity can 
be controlled by excitation parameters. Fig. 7 
illustrates the excitation frequency and voltage 
amplitude effect on mixing efficiency. In frequency 
point of view, It is clear that, in the high frequencies 

(above 10 [Hz]) the secondary electroosmotic flow 
has not sufficient time to dominate the initial steady 
flow. Also in very low frequencies (above 2 [Hz]) 
the secondary electroosmotic flow is very slow and 
initial steady flow is dominate. In voltage amplitude 
point of view, the large voltage amplitude causes a 
strong flow field [21]. 

 
 

 
 

 
 

Fig. 4. Distribution of species concentration  
in a mixing unit. 
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Fig. 5. Concentration profile (C) versus channel width (W) for different times, as shown in figure legend. 
 
 

 
 
 

Fig. 6. Mixing quality: (a) Distribution of species concentration for two mixing unit, (b) Mixing efficiency over the 
channel width at different time (shown in the figure legend). 

 

 
 

Fig. 7. Frequency effect on mixing efficiency; this profile are plotted for two different voltages (0.35 and 0.5 V). 
 
 

4. Conclusion  
 

Using curvature microchannels, an 
electroosmotic actuated micromixer was designed 
and investigated numerically. The existence of 
chaotic behavior was demonstrated by generating 
strong perturbation effects which associated with 
stretching, folding and breaking actions. The 
simulation results showed a mixing efficiency as 

high as 90 %, when a time-dependent electric field 
was applied. Some parameters of designed and 
presented micromixers are assigned in accordance 
with Table 3. The frequency and voltage variations 
showed that the mixer is of interest in low 
frequencies (between 2 and 10 [Hz]). It is obvious 
that, the high electric field gradient can damage cells 
or samples, so the frequency effect is more 
significant than the voltage effect. 
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Table 3. Presented micromixers. 
 

Reference 
Disturbance and 

Type 
Channel 

width 
Using chamber 

Velocity 
[mm/s] 

Frequency 
[Hz] 

Mixing 
Efficiency 

[2] Passive-parallel 85 [µm] Without chamber 0.7 - Not reported 
[3] Chaotic-patterned wall 200 [µm] Without chamber 0.01-0.09 - 90 % 

[19] Electrokinetic 50 [µm] 
Rectangular hamber 
100 µm ×100 µm 

Not 
reported 

Not reported 95 % 

[21] 
AC-Electroosmotic 
3D- Simulation 

20 [µm] Without chamber 0.1 5 93 % 

This paper Electroosmotic 30 [µm] Without chamber 0.1 6 94 % 
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Abstract: Highly sensitive and selective sensors for detection of explosive devices are important tools for 
maintaining public safety and security, especially the ability to quickly detect the presence of trace amounts of 
2.4.6-Trinitrotoluene (TNT) in the air. Molecularly imprinted polymers (MIP) have the characteristics of both a 
high sensitivity and a high selectivity. Hence, we designed and simulated a film bulk acoustic resonator (FBAR) 
which uses a MIP substrates as an adsorption layer for detection of trace amounts of TNT. Starting with the 
Mason model, a numerical analysis of the FBAR resonator is performed. The results show that the quality of the 
mass loudness per unit area of the sensor is up to 0.5 pg/Hz/cm2, which is much higher than the quality of a 
conventional QCM sensor. Other calculated performance specifications of the sensor are also presented. 
Copyright © 2013 IFSA. 
 
Keywords: 2.4.6-Trinitrotoluene, Explosives detection, Mason model, Film bulk acoustic resonator, Molecular 
imprinting technique.  
 
 
 
1. Introduction 
 

The security of facilities such as airports, railway 
stations and hospitals, are very important for 
maintaining public safety. In the past decades, 
various types of equipment and sensors have been 
developed to detect dangerous items, including TNT-
based explosives. Usually TNT is in the powder state. 
When it is handled and transported, a small amount 
of molecules will diffuse in the air. Many TNT 
identification techniques are based on the detection of 
these molecules in the air. To ensure public safety, 
the source of any TNT needs to be quickly detected 
and isolated [1]. However, because of the trace 
amount of TNT molecules emitted into the air, highly 

sensitive and selective sensors are required in these 
situations [2].  

Conventional detection methods such as mass 
spectroscopy, gas chromatography, and surface 
plasmon resonance spectroscopy have been gradually 
replaced by fluorescence-based sensors [3], 
electrochemical sensors [4] and molecular imprinting 
sensors [5] due to their shorter detection time and 
higher sensitivity. Of these emerging technologies, 
molecular imprinting technology (MIT) has become 
more widespread and rapidly developed because of 
its high recognition rate, low price and simplicity [6]. 
One quality-sensitive design based on MIT relies on 
a quartz crystal microbalance (QCM) sensing 
technique [7, 8]. The QCM is a typical bulk acoustic 
mass sensor, but its frequency is relatively low, from 
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only a few Hz to several tens of Hz, resulting in 
relatively lower mass sensitivity [9]. 

Recently, TNT-based explosives- detecting 
sensors have been rapid development. Concurrently, 
the success in commercializing MEMS-based FBAR 
technology in wireless communications, has led to 
their use as sensors. Due to its higher operating 
frequency, the sensitivity of a FBAR is much higher 
than a QCM and it is gradually replacing QCMs in 
many high sensitivity applications [10]. In this paper, 
we present a sensor design which adopts imprinted 
substrates as an adsorption layer and FBAR 
technology for detecting trace amounts of TNT 
molecules in the air. The critical sensor parameter is 
rm, which is the mass loudness per unit area. The 
calculated performance our MIT-based FBAR sensor 
design will be compared to the performance of a 
traditional QCM. 

 
 

2. The Principle of MIT 
 
Molecular imprinting is an advanced preparation, 

separation and detection technique wherein a 
polymer is completely matched with a template of 
target molecules in terms of both spatial structure and 
binding point [11]. The obtained polymer is called a 
molecular imprinted polymer (MIP). Compared with 
a natural molecular recognition system, such as 
monoclonal antibodies or chemo-receptor, it has the 
advantages of a high selectivity for reliable 
identification, high stability, and simple preparation 
[12]. Therefore, MIP can be applied to detecting trace 
amounts of TNT. The schematic diagram in Fig. 1 
shows the steps to obtain a MIP for a target template 
molecule such as TNT. 

 
 

 
 

Fig. 1. Preparation of molecularly imprinted polymers. 
 
 

First, the template molecule is added to the 
functional monomer that can form a host-guest 
complexes under specific conditions, and they are 

linked together through covalent/non-covalent 
bonding (a); Next, a crosslinking agent is added and 
polymerization of the monomers is initiated via an 
initiator such as light or heat, so that the host-guest 
complex formed highly-linked rigid polymer with the 
crosslinking agent around the template molecule (b); 
Finally, the template molecule is removed (c). Thus a 
hole is formed, which perfectly matches the spatial 
structure and the binding locations of the template 
molecule. This functional group now has specific 
binding to the template target molecule and, thereby 
has the ability to identify the template molecule. 

We have prepared TNT MIP using MIT as a 
highly selective material for the specific absorption 
of TNT. We now will use it as the adsorption layer in 
the FBAR sensor to achieve detection of trace 
amounts of TNT. 

 
 

3. FBAR Sensor Structure and its 
Working Principle 
 
As a radio frequency (RF) MEMS device, the 

FBAR has achieved great commercial success in the 
field of wireless communications in recent years [13, 
14]. Because it has much higher resonant frequencies, 
sensitivity, a smaller size, and a higher degree of 
integration compared with a traditional QCM, the 
FBAR has become a popular research topic in the 
field of sensors [15, 16]. Our proposed FBAR has a 
typical sandwich structure, composed of a top 
electrode layer, a piezoelectric layer, and a bottom 
electrode layer. This is schematically diagramed in 
Fig. 2. 
 
 

 
 

Fig. 2. Schematic structural view of FBAR. 
 
 

Applications of the FBAR for sensing are 
mainly by adding an adsorption layer onto the 
electrode layer [17]. The adsorption layer will have a 
specific adsorption for the target to be detected. 
When this target is present, the layer will adsorb this 
substance, resulting in an increase in the mass of the 
FBAR electrode layer. This will induce a variation in 
the acoustic propagation path in the FBAR, causing a 
shift of the resonant frequency. The presence of the 
target substance is detected by measuring the 
frequency drift, and the mass of the target can be 
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calculated from this frequency drift. This detection 
method is schematically shown in Fig. 3. 
 
 

 
 

Fig. 3. Schematic structural view of FBAR sensor. 
 
 
4. MIP-based TNT Sensor Based  

on FBAR 
 

The piezoelectric layer of the FBAR can be 
described by the Mason model [18]. For the Mason 
model, the piezoelectric equation and the kinematics 
equation are expressed as: 
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where, F1p is the force on the upper surface of the 
piezoelectric layer, F2p is the force on the lower 
surface of the piezoelectric layer, and V is the voltage 
between the two electrodes of piezoelectric layer. 

From the three equations above, the electrical 
port input impedance of the piezoelectric layer is 
expressed as: 
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For the MIP-FBAR TNT-detection sensor, in 
addition to the piezoelectric layer, it also includes 
four other layers: a top electrode layer, a bottom 
electrode layer, a support layer and a MIP layer, 

which is the molecular adsorption layer. All the 
layers of this system are illustrated in Fig. 4. 
 
 

 
 

Fig. 4. Five-story model of TNT sensor based on FBAR 
 
 

After adding the top electrode layer and the MIP 
adsorption layer onto the upper surface of the 
piezoelectric layer, The Z1 in the formula for the 
electrical port input impedance of the piezoelectric 
layer becomes: 
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After adding the bottom electrode layer and the 
support layer underneath the bottom of the 
piezoelectric layer, The Z2 in the formula for the 
electrical port input impedance of the piezoelectric 
layer becomes: 
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Using formula (4), the sensor impedance 
characteristics were calculated. The FBAR is based 
on an AIN piezoelectric film where the electrode size 
is 100100 m2, and specific parameters are shown 
in Table 1 [19]. Combined with the acoustic 
properties of the AIN, the simulated longitudinal 
wave mode of the FBAR based on the electrical 
impedance characteristics are shown in Fig. 5. 

 
 

Table 1. Experimental device parameters table. 
 

Name type [kg/m3] d[m] v[km/s] 
Top electrode Au 19300 0.1 3.104 
Bottom 
electrode 

AI 2700 0.1 6.526 

Piezoelectric 
layer 

AIN 3260 2 11.350 

Support layer SiO2 2000 0.1 6.253 
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Fig. 5. Electrical impedance characteristics of FBAR. 
 
 

As seen in Fig. 5, the resonance frequency of the 
FBAR is around 2 GHz. We coated a TNT adsorption 
layer of 10 nm thick MIP on the top electrode (Au 
layer). Before the sensor detects any TNT, we get the 
following nominal electrical impedance 
characteristics, as shown in Fig. 6. 

 
 

 
 

Fig. 6. Influence of the adsorption layer on resonance 
frequencies of the FBAR. 

 
 

From Fig. 6 it can be seen that after coating with 
the TNT adsorption layer, the resonance frequency of 
the FBAR changes to 18.7 MHz. Physically, as TNT 
is adsorbed, the rate of adsorption also increases with 
time and the thickness of the adsorption layer also 
increases. We calculated the relationship between the 
change in the adsorbed layer thickness and the 
corresponding change in resonant frequency, as 
shown in Fig. 7. 

Fig. 7 it shows that the relationship between the 
variation in the adsorption layer thickness and the 
frequency shift is linear. This is in line with the 
famous Sauerbrey Equations [20] that are applied to 
the QCM: 
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Fig. 7. The relationship of the adsorption layer thickness 
variation and the resonant frequency changes. 

 
 

The Sauerbrey formula shows that when 
deposition of the load mass is less than 2 % of the 
resonator’s total mass, the amount of frequency 
change due to the added mass is a linear relationship. 
This formula also applies to the FBAR. In our 
experiments, the adsorption layer thickness increased 
by only 10 nm, and the increase does not exceed 2 % 
of the total mass. When the increase is more than 2 % 
of the total mass, it will no longer be a linear 
relationship. 

For this TNT sensor, its performance, rm, can be 
expressed in the mass loudness per unit area. The 
formula is as follows: 
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The units are g/Hz/cm2. Where, f0 is the nominal 

resonance frequency before any adsorption. Sm is the 

mass sensitivity, where )(
1

lim
m

f

f
S

m
m 





 [14]. 

The mass loudness per unit area of the sensor is 
calculated to be 0.5 pg/Hz/cm2. This means that if a 
one square centimeter area of the MIP adsorbs 0.5 pg 
of TNT, this will cause the FBAR resonance 
frequency to shift 1 Hz. The typical rm for a QCM is 
on the order of ng/Hz/cm2 [19]. Therefore, the FBAR 
is more sensitive as a TNT detector than a QCM. 

 
 

5. Conclusions 
 

In this paper, we present design for a sensor, 
which adopts imprinted materials as the adsorption 
layer and a FBAR as resonator in order to detect trace 
amounts of TNT molecules from the air. The FBAR 
resonator model is constructed using an AIN 
piezoelectric material. Based on the Mason model, 
the FBAR resonator is analyzed and simulated. 
Finally, the theoretical sensitivity of this sensor to 
TNT molecules is obtained. Calculations yield mass 
quality loudness per unit area of up to 0.5 pg/Hz/cm2. 
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Compared with traditional QCM sensors for TNT 
detection, FBAR based sensor has a higher resonance 
frequency, a smaller size, a high sensitivity and 
integration compatibility with conventional IC 
process. Using this design, the presence of trace 
amounts of TNT could be detected more quickly. 
From this case study, it can be predicted that high 
performance FBAR-based devices will find wide 
applications in biochemical detection. 
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Abstract: In this article, a MEMS-based Linear Micro-motor (LMM) for Fourier Transform Spectrometer (FTS) 
applications is proposed and designed. The FTS is a Michelson interferometry with a scanning mirror. The LMM 
composed of the two main parts; gripper and slider system. By applying appropriate DC voltage to array pads of 
the V-Beam driving Actuators (VBDA) of the gripper and array pads of the VBDA of the slider, a step size  
2.5 µm is achieved. Repeating the step sizes sequentially, leads to a large traveling range about 500 µm. 
Simulations carried out with the ANSYS software. Copyright © 2013 IFSA. 
 
Keywords: Fourier transform spectrometer (FTS), LMM, Slider, Gripper, VBDA. 
 
 
 
1. Introduction 
 

The spectrometry uses for measuring chemical 
compositions and purity of materials, medical and 
environmental applications and measuring of 
displacement by detecting material absorption 
dependent of wavelength [1]. The FTS is a used 
technique to determine qualitative and quantitative 
features of IR-active molecules in organic or 
inorganic solid, liquid or gas samples and acts as a 
lab on chip for analyzing blood and medical liquids. 
It is a rapid and relatively inexpensive method for the 
analysis of solids that are crystalline, 
microcrystalline, amorphous, or films. Samples are 
analyzed on the scale of microns to the scale of 
kilometers and new advances make sample 
preparation, where needed, relatively straightforward 
[2]. The FTS is a technique relying on the use of 
frequency-domain interferences between two wave 

trains with different optical paths. Spectral 
interferometry allows the retrieval in a simple way of 
the difference in spectral phase between two time-
delayed light pulses. Low-cost, miniature 
spectrometers are key components that permit the 
realization of small-size, portable sensor solutions for 
mentioned important applications. Therefore, recent 
investigations have dealt with low-cost, miniature 
spectrometers [3]. In the last years, a lot of different 
miniaturized spectrometers have been presented. 
Micro-Electro Mechanical-Systems (MEMS) 
technology has this ability to fabricate lightweight 
and cost-effective miniature devises. Ours goal in this 
work is to increase the resolution by increasing 
movable mirror traveling range. The many 
researchers were working on this topic. But mostly, 
the maximum traveling range is less of 200 µm for 
the different optical wave’s length. For example, in 
the FTS including magnetic-based liner motors ,only 
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could be have maximum of the controlled traveling 
range, approximately 60 µm to 100 µm. When the 
driving voltage is increased the plunger shows some 
switching behavior [4]; or in the [5], the maximum 
traveling range is 77 µm. In this work, a LMM 
designs for the FTS to miniaturize so that movable 
mirror can be displaced about of 500 µm. With this 
movable mirror traveling range for different waves 
lengths, good resolutions can be achieved. Several 
issues concerning this FTS are discussed in the 
following sections: first discusses about the principle 
of operation (section 2); afterward, the gripper 
folded-flexure springs analyze (section 2.1); we will 
discuss also about the gripper VBDA and the slider 
VBDA (Sections 2.2). In the section 3, we will 
discuss about the proposed fabrication process flow. 
Section 4 is including conclusion.  
 
 
2. Principle of Operation 
 
Fig. 1 and Fig. 2 show the FTS according to 
Michelson interferometry and the proposed LMM, 
respectively. The Michelson interferometer 
composed of fix mirror, the movable mirror; the 
tunable laser source swept from 1500 nm to 1590 nm, 
polysilicon beam splitter (PBS) with thicknesses 30 
µm and photo-detector. The monochromatic light 
wave-train is emitted from the tunable laser source. 
After wave-train reaches to PBS, it encounters to the 
fixed mirror and the movable mirror. After wave-train 
returning from the mirrors and encountering to the 
PBS, the two combined monochromatic wave-train 
reaches to detector. The movable mirror changes the 
time domain signal. The detected signal Fourier 
transform can be got information to us. The variation 
of emerging intensity from the interferometer is 
measured as a path difference function by the photo-
detector. The LMM composed of the slider and the 
gripper system. The movable mirror is located in the 
slider head. The gripper system consists of the 
VBDA, the folded-flexure springs and the clutches. 
When the clutch contacts to the slider, the slider is 
stopped. The clutch goes toward the slider by the 
VBDA. The slider system consisted of the VBDA, 
yoke. For the slider motion start, a DC voltage  
5.25 volt to the slider VBDA pads is applied. This 
voltage creates an electrical current which flows 
through the VBDA hot arms; heat cause to shake the 
yoke. Stroking the yoke to the slider, lead to the 
slider up-ward motion. When the slider reaches to the 
displacement terminus; voltage removes from the 
gripper VBDA pads, which the slider becomes latch; 
finally, will be removed the slider VBDA pads 
voltage. To produce large traveling range, the 
previous states should be repeated. The detected 
power density can give to us information about 
output spectrum. The intensity as a function of the 
path length difference (also denoted as retardation) in 
the interferometer p and wave number  k=2πλ-1 is:  
 

, (1) 

 
where I(k) is the spectrum to be determined. The total 
intensity at the detector is: 
 

 (2) 

 
This is just a Fourier cosine transform. The 

inverse gives us our desired result in terms of the 
measured quantity I(k): 
 

 (3) 

 
 

 
 

Fig. 1. Schematic view the FTS. 
 
 

 
 

Fig. 1. Schematic view the proposed LMM. 
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As mentioned, main goal in this work is increase 
the resolution by the movable mirror displacement 
range extending. To enhance the coherence (temporal 
coherence) very narrow band laser is used. The 
mirror fabricates with Au layer deposition about  
200 nm, on the slider head sidewall and the etched 
sidewalls. The etched wafer Sidewalls as optical 
surfaces are used which are made by deep reactive 
ion etching. During making mirrors, the PBS surfaces 
by extra protection structures should be shielded. The 
PBS micro-machined surface for near IR is 
appropriate and for high power can be applied. It’s 
appropriate also to polarize optical narrow spectrum 
band. The maximum total optical path length from 
the input to the output fiber is 2.2 mm, 
approximately, which its 1000 µm is due to the LMM 
movable mirror. In current the FTS, path length of 
2.2 mm is no critical, in future the FTS, collimators 
uses to reduce losses due to optical beams 
divergence.  

The PBS angle with respect to horizontal axis is 
75 degree. Because the air–polysilicon interface 
Brewster angle at near-infrared wavelengths is equal 
75 degree, reflection of TM mode is negligible. The 
optical beam polarizing by the PBS reduces optical 
noise and the reflected TE mode is useful to monitor 
the light intensity. Of course a polarization controller 
for the input optical beam polarization maintain in 
the TE mode should be applied. The optical insertion 
losses in the FTS by the optical beam divergence and 
the losses due to the PBS and the mirrors are caused. 
Usually, optical losses in the golden mirrors are 5 to 
10 percent and 40 % due to the PBS, approximately. 
From the Fresnel equations and the Brewster law, can 
be said, the air–polysilicon interface Brewster angle 
at near-infrared wavelengths is 75o, the TE mode 
reflectance of the PBS is 74 % and transmittances is 
16 %. 
 
 
2.1. Folded-flexure Springs of the Gripper 
 

Fig. 3 shows the meshed folded-flexure springe 
model by element of solid 45. In this segment, the 
folded-flexure springs design becomes present. The 
some important points in the folded-flexure spring 
design should be considered. This point is due to the 
Folded-flexure springs stiffness; in the folded-flexure 
spring design will be existed a tradeoff. The stiffness 
in the +y and +x direction should be considered, 
appropriately.  

The polysilicon beams has been anchored in the 
geometry center, truss is grid and allows expanding 
toward the slider. Fig. 4 shows also the displacement 
contour plots of the folded-flexure spring, maximum 
the folded-flexure spring stress is 0.55 GPA. After 
arriving the slider to the terminus a step, the clutch 
deflects 0.5 µm; by applying a DC voltage 8.2 volt, a 
total force equal 500 µN be generated. By 
assumption the polysilicon-polysilicon static friction 
coefficient 0.2 [6]; the generated static friction force 
is 100 µN; this force cause to stable the slider. Fig. 5 

illustrates the folded-flexure springe displacement 
with respect to the applied external force. 
 
 

 
 

Fig. 2. The meshed model of the gripper folded-flexure 
springs. 

 
 

 
 

Fig. 3. Displacement contour plots of the folded-flexure 
springs. 

 
 

 
 

Fig. 4. Displacement of the folded-flexure springs  
vs. applied force. 
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2.2. The VBDA in the Gripper and the Slider 
 

A VBDA consists of several long beams, which 
are held fixed (anchor) by two supports at an angle. 
As current passes through the beams from one 
terminal to the other, the beams expand due to the 
heating joule, and the thermal expansion [7, 8]. 
Another part of the slider is impact heads or the yoke 
that pushes the slider up-ward or down-ward in the 
+y direction. 

Because the frictional between the yoke and the 
slider, the yoke is tend to pull the slider back while 
power is removed. Hence, it is necessary to grip the 
slider by the gripper; hence, the slider grip should be 
carried out between on time and off time of the slider 
VBDA. Angle between the VBDA shuttle and the 
slider is 45 degree. To design the VBDA, some 
important parameters (for example, the length size 
and angle of the inclined beams) should be 
considered. The air gap between the slider and the 
yoke is equal 0.5 µm. Between the slider and the 
yoke, contact element of 170 and 174 are used, which 
by moving the VBDA yokes, the slider moves up-
ward or down-ward. Fig. 6 shows the meshed VBDA 
model by element 226. Fig. 7 shows contour plots the 
slider in the terminus a step (by voltage of 5.25 volt). 
Fig. 8 illustrates the slider displacement with respect 
to the applied voltage. The maximum temperature 
and stress on the VBDA is 153 °C and 0.22 Gpa, 
respectively. In the FTS, the movable mirror should 
be having a forward-backward linear motion; hence, 
the two pair VBDA in the driving actuator system is 
used. The one pair VBDA is for forward motion and 
the else pair is for backward motion. When the top 
VBDA is active, the down VBDA is inactive, and vice 
versa. To motion the clutch toward the slider, the 
VBDA also is used. Because the VBDA via the 
folded-flexure spring to the clutch is connected, 
hence, the clutch moves toward the slider, smoothly. 
Dimension of the gripper driving VBDA are different 
than the slider driving VBDA (please see Fig. 2). 
Alone, when slider arrives to terminus a step, the 
clutches to the slider is connected. When the next 
stage is starting, the clutch from the slider should be 
released. Repeating the step sizes sequentially, leads 
to a large traveling range. The slider is no connected 
to noting springs. Because of the slider sits on the 
drawer, the slider can move linearly and easily. If the 
slider is connected to the supporting springs, the 
slider cannot be having a large traveling range. Fig. 9 
illustrates the gripper VBDA displacement with 
respect to applied DC voltage and Fig. 10 illustrates 
also its displacement with respect to applied external 
force. In both the slider VBDA and gripper VBDA, the 
inclined beams angle is 1.5 degree. 

In the gripper VBDA, the maximum stress on 
inclined beams is 0.33 GPA; the gripper actuators 
power dissipation is 64 mw. The driving force in the 
displacement of 2.5 µm is 120 µN. As mentioned in 
the section 2.1, the grippers VBDA, produces a force 
equal 500 µN. This force cause to stable the slider 

while yokes come to primary state. The polysilicon 
properties are tabulated in the Table 1. 
 
 

 
 

Fig. 5. The meshed model of the slider VBDA. 
 
 

 
 

Fig. 7. The slider in the terminus a step. 
 
 

 
 

Fig. 8. Displacement of the slider vs. applied DC voltage. 
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Fig. 9. Displacement the gripper VBDA vs. applied DC 
voltage. 

 
 

 
 

Fig. 10. Displacement the gripper VBDA vs. applied 
external force. 

 
 
Table 1. The used polysilicon properties in the simulation 

of the gripper and slider. 
 

Parameter Unit Value Reference 
Young’s modulus GPa 170 [7] 
Poisson’s ratio - 0.22 [7] 
Thermal 
conductivity 

W.m−1.K−1 34 [7] 

Resistivity Ω.m 3.4e-5 [7] 
Thermal 
expansion 
coefficient 

K-1 2.5e-6 [7] 

 
 
3. Proposed Fabrication Process Flow 
 

The proposed LMM actuator can be easily 
fabricated by conventional MEMS fabrication 
process. A fabrication process flow is proposed here 
for fabrication of the LMM (as shows in Fig. 11). 
First a 200-nm-thick silicon-nitride layer is deposited 
by PECVD as an electrical isolator followed by a 
0.75-µm-thick silicon oxide layer grown by thermal 
oxidation and structured as sacrificial layer (a). 

In order to form the slider and the VBDA, a  
75-µm-thick layer of polysilicon layer is deposited 
and structured by DRIE, the slider head segment 
contain movable mirror, remains 20 µm while else 
the LMM have a height of 2.5. Thin layer 2.5 µm 

structured by RIE and then a thin layer of silicon 
oxide is grown as second sacrificial layer (b). To 
formation of drawer, one layer of silicon nitride is 
deposited and structured (c and d). Finally, the slider 
and VBDA are released by etching the sacrificial 
layers in a gas phase HF solution (e). 
 
 

 
 

Fig. 11. Fabrication process flow. 
 
 
4. Conclusion 
 

In this work, a MEMS-based linear motor for FTS 
application proposed. In the past works, because of 
limitation the movable mirror traveling range, the 
resolution was about the several nanometers. These 
limitations were due to electrostatic and magnetic 
actuators or limitation due to geometry structural of 
the micro spectrometer. But in this work, our 
modeled and simulated a LMM that can be achieved a 
traveling range about 500 µm by repeating the slider 
steps. The LMM has also a favorable speed so that 
can be traveling 500 µm in the 1 s equal to scanning 
frequency of 1 HZ.  
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Abstract: In this paper, a MEMS-based linear motor for Fourier transform spectrometer (FTS) is designed and 
simulated. The FTS consists of a Michelson interferometer and linear micro motor (LMM); the LMM consist of 
two main part; slider, gripper. Maximum step size is equal to 3 µm; large stroke will be achieved by repeating 
the step sizes sequentially. Maximum amount of the large stroke is equal to 400 µm.  
Copyright © 2013 IFSA. 
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1. Introduction 
 
Optical spectrometers are widely used for the highly 
sensitive and highly selective measurement of the 
composition of a gas or a fluid. The IR absorption 
spectrum is used to determine the composition of a 
gas [1] and in chemical chromatography for 
analyzing the composition of a sample fluid [2]. The 
fluorescence spectrum is also used in chemistry to 
identify the composition and concentrations of 
dissolved ions [3]. FTS is a well-known technique to 
measure the spectra of weak extended sources [4]. 
Spectral interferometry is a technique relying on the 
use of frequency-domain interferences between two 
wave trains with different optical paths. Indeed, 
spectral interferometry allows the retrieval in a 
simple way of the difference in spectral phase 
between two time-delayed light pulses. Low-cost, 
miniature Spectrometers are key components that 
permit the realization of small-size, portable sensor 
solutions for mentioned important applications. 
Therefore, recent investigations have dealt with low-

cost, miniature spectrometers [5]. In the last years a 
lot of different miniaturized spectrometers have been 
presented. Micro-Electro Mechanical-Systems 
(MEMS) technology has this ability to fabricate 
lightweight and cost-effective miniature devises, 
including spectrometers. The goal in this work is 
increase resolution by maximum of range traveling of 
movable mirror. In this work, design a LMM for 
miniaturize of the FTS so that can move movable 
mirror to up 400 µm .With this range of movable 
mirror traveling for different waves lengths can be 
achieved good resolutions. In the Several issues 
concerning the LMM behavior are discussed in the 
following sections: first discusses about principle of 
LMM operation (section 2); afterward, we describe 
about Michelson interferometer theory (section 3); in 
the section 4, we analyze the LMM. Section 4 divides 
to two subsections. In the section 4.1 we describes 
about folded springs of the slider and in the section 
4.2, we design v-beam actuators (VBA) of the slider 
and the gripper. Finally, Section 4 consists of 
conclusion. 
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2. Principle of Operation 
 
Fig. 1 shows the FTS systems according to 
Michelson interferometer and Fig. 2 shows the LMM 
proposed; dimensions are in micrometer size. 
Michelson interferometer consists of fix mirror, 
movable mirror; laser source with two 
monochromatic light wave train, beam splitter and 
detector. Wave train is emitted from the laser source. 
After reaching this wave train to beam splitter with 
refraction coefficient of 50%, wave train encounter 
with fixed and movable mirror. The variation of 
intensity emerging from the interferometer is 
measured as a function of the path difference by a 
detector. After return of wave train from the mirrors 
and encounter with the beam splitter, the two 
combined wave train reaches to detector. When 
difference between the mirrors with the beam splitter 
is the same, the detected power density is constant. 
The movable mirror causes changes in the time-
domain of detected signal. With measuring of 
detected signal in the frequency-domain can be get to 
Fourier Transform. The LMM consists of the slider 
and the gripper; in the slider has been used from the 
arrays of the VBA (VBA 1). Movable mirror is 
located in the head of the slider. The gripper consists 
of arrays of the VBA (VBA 2), yoke and electrical 
pads. First is applied the DC voltage to arrays of the 
VBA 1; DC voltage creates an electrical current 
which flows through the VBA 1; electrical current 
produce heat which cause to displace yoke. With 
connect the yoke to the slider body, the slider move 

up-ward. It is necessary to grip the slider by the 
gripper; in fact it should be carried out between 
cycles on and off of the chevrons of the slider; the 
gripper contact to slider cause to remain the slider in 
the stationary state. After the slider reaches to final 
displacement; a DC voltage to pads of the VBA 2 is 
applied, hence causes to elongate the VBA 2. When 
yokes of the gripper reach’s to the slider body, the 
VBA 1 pads voltage is removed; Fig. 3 shows 
operation sequences.  
 
 

 
 

Fig. 1. Schematic views of the FTS with the LMM 
proposed. 

 
 

 
 

Fig. 2. Schematic view of the LMM. 
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Fig. 3. Operation sequences. (1) The VBA 1 is 
activate, (2) motion of the VBA 1 is continues and 

VBA 2 is acting, (3) the VBA 1 is rest. 
 

 
3. Theory of Michelson Interferometers 
 
Michelson interferometer theory predicts that how 
changes power density of I by displacing of the 
movable mirror. The detected power density can give 
to us information about output spectrum. We can 
emit 2 waves train with different frequencies to 
spectroscopy system. The one wave train use for 
analyze of applications of interferometer (chemical 
analyses .etc...) and the second wave train use to 
calculate movable mirror displacement. Of course 
can be used displacement sensing operation of 
movable mirror with helping of MEMS-based 
capacitance sensors. By attention to theory Michelson 
interferometry if movable mirror displace equal 
to , wave field in the detector is equal to: 
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A(TR) and A(RT) are return waves from beam splitter to 
detector (see Fig 1).Where t is coordinate time, f1 is 

frequency of monochromatic disturbance, 1f  is 

wave number . There are dimensionless unit vectors 
ˆ ˆ ˆ, ,x y z  pointing in the direction of the positive x,y,z 

coordinate axes (Fig. 1). (1)
U  and (1)

U  are phase 

shift; the Uf and Vf amplitude of the x and y 
oscillations do so that are not equal together . The 
total combined wave train is: 
 

1 1 1

( ) ( ) ( )

f f

cb RT TR
fA A WA 
  

 
(2) 

 
Here W is the coefficient that depend to sort of the 
beam splitter. Power density is: 
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Wave train power density in the detector is:  
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By taking the Fourier Transform of equation (5), can 
be achieve the FTS. Detailed derivations of these 
formulas are given in the appendix. Considering the 
above-mentioned Michelson interferometry theory, 
the theoretical resolution of a FT spectrometer is 
revers of the maximum optical path difference. 
Hence, for achieving maximum the movable mirror 
traveling range, the LMM is modeled and simulated. 

 
 

4. Analyze of the LMM 
 
4.1. Springs of the Slider 
 
First, we starts folded springs design of the slider; 
should be consider while stiffness of the springs is 
high; more force be generated in down-ward time of 
the slider. Hence it is need to be generated more force 
by VBA of the slider; and if stiffness is low, the slider 
will be unstable. Therefore, in the design of the 
springs exists a trade off. Fig. 4 shows semi sketch of 
folded springs including parameters. Beams has been 
anchored in the center of geometry, truss is grid and 
allow expansion along the x-axis. Stiffness in the x-
direction, y-direction and the stiffness ratio is 
respectively (6), (7) and (8): 
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where E is the Young’s modulus, b is the beam 
width, h is the beam thickness and L is the length of 
one beam segment. In order to analyze whole folded-
flexure springs of the slider, it’s enough to study a 
clamped–guided beam of folded springs, see Fig. 4; 
deflection is: 
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Py is the load and I is the moment of inertia of the 
beam; parameter of py can be achieved by solving 
following equations:  
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Figs. 5 and 6 show displacement contour plots and 
stress contour plots of the folded springs, 
respectively. Fig. 7 illustrates also the applied force 
by the slider versus the folded springs deflection. 
 
 

 
 

Fig. 4. The folded spring seemed schematic view 
 of the slider. 

 
 

 
 

Fig. 5. Displacement of folded springs  
by applied DC voltage. 

 
 

 
 

Fig. 6. Stress contour plots of folded springs. 

 
 

Fig. 7. Displacement of the folded springs 
versus applied force. 

 
 
4.2. Arrays of V-beam Actuators 
 
In the slider and the gripper, the two pairs of VBA’s 
with same dimensions are used. Each pair consists of 
array of the VBA on each side of the slider. Fig. 8 
shows the deformed VBA array model. A VBA type of 
thermal actuator consists of several long beams, 
which are held fixed (anchor) by two supports at an 
angle. As current passes through the beams from one 
terminal to the other, the beams expand due to the 
Joule heating, and the thermal expansion leads to a 
deflection. The deflection of a VBA strongly depends 
on the length and the angle of the beams; a larger 
deflection is produced if a smaller angle is used  
[6, 7]. First an inclined beam that joint at the central 
of shuttle of the VBA can be analyzed (for example, 
node A) as shown in Fig. 9; be assumed that the 
shuttle is grid. By passing of the electrical current 
through the VBA, temperature changes of ΔTc is 
created. Finally, temperature changes, causes to 
displace the beams in the +y-direction. So:  
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where α is the coefficient of thermal expansion; lc is 
the beams length, Ac is the beams cross section, Ic is 
the moment of inertia of the cross section. Fig. 10 
shows displacement contour plots of the slider with a 
DC voltage (equal to 7 volt). Reaction force in the  
x-direction by ∆Tc is equal to:  
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Fig. 8. The deformed V-beam actuators model of the slider. 
 
 

 
 

Fig. 9. An inclined beam that joint at the central of shuttle 
of the VBA. 

 
 

 
 

Fig. 10. Displacement contours plot of the slider. 
 
 
Fig. 11 and 12 shows stress and the temperature 
distribution on the VBA, respectively. Fig. 13 and 14 
illustrates the VBA current density and displacement 
of the slider versus DC voltage, respectively. With 
applying a DC voltage equal to 7 volt, force equal  
8.5 mN in the +y direction and +x direction will be 

produced and the slider is displaced to step size of  
3 µm. With applying a DC voltage equal to 8.2 volt 
to pads of VBA 2, force equal to 16 mN by the gripper 
is generated. With assuming the steady-state friction 
coefficient is 0.2 [8] and by attention to maximum 
the generated force by the gripper; the gripper can to 
gripe the slider, surely. Fig. 15 illustrates also 
temperature distribution on VBA versus applied DC 
voltage. A material property of polysilicon has been 
tabulated in Table 1. 
 
 

 
 

Fig. 11. Stress contours plot of the VBA. 
 

 
 

Fig. 12. The temperature distribution on the chevrons. 
 

 
 

Fig. 13. Maximum the VBA current density of slider versus 
applied DC voltage. 
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Fig. 14. Displacement of the slider versus applied DC 
voltage (Volt). 

 
 

 
 

Fig. 15. Temperature distribution of the slider  
versus DC voltage. 

 
 

Table 1. The used polysilicon properties in the simulation 
of the LMM. 

 
Parameter Unit Value Reference 

Young’s 
modulus 

GPa 170 [9] 

Poisson’s ratio - 0.22 [9] 
Thermal 
conductivity 

W m−1 K−1 34 [10] 

Resistivity Ωm 3.4e-5 [11] 
Thermal 
expansion 
coefficient 

K-1 2.5e-6 [12] 

  
 
5. Conclusion 
 
In this work, a MEMS-based linear motor for FTS 
application proposed. Because of limitation traveling 
range of the movable mirror, the resolution is 
reduced. These limitations are due to electrostatic 
and magnetic actuators or geometry structural of 
micro spectrometer. In this work, a large stroke 
linear motor with traveling range about 400 µm 
modeled and simulated. the LMM have also a 
favorable speed so that can be traveling 400 µm in 
the 10 ms (equal to scanning frequency of 100 HZ). 
In order to calculate speed of the LMM, heating time 

and cooling time of the VBA 1 and the VAB 2 are 
considered. 

 
 
Appendix. Theory of Michelson 
Interferometers 
 
By assumption two wave train emitted of laser source 
to beam splitter, wave field is equal to:  
 

1 2f fA A A 
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The beams density is: 
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We can write: 
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With attention to below trigonometric equation: 
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Will be having: 
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The third sentence of equation (5) is zero, namely: 
 

1 2( . ) 0f fA A 
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Hence, equation (5) reduces to: 
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Based on the principle of independent superposition: 
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Abstract: In this paper, the measurement principle of a parallel six-axis heavy force sensor based on the Stewart 
structure is presented to detect the multi-dimensional variable heavy forces in the process of extreme 
manufacturing. Firstly, load sharing ratio of six-axis heavy force is defined to denote the effect of load sharing. 
Then, with piezoelectric quartz as the pressure-sensitive component, a six-axis heavy force senor with high 
stiffness and good linearity based on the Stewart structure is designed. As to the problem that it is difficult to 
pre-tighten the measuring limbs, a six-site local pre-tightening method is presented. Finally, static calibration 
experiments of the sensor are conducted on the established calibration platform. Experiment results verify the 
feasibility and validity of the sensor, which has a large measurement range, good linearity, and can be widely used 
in the real-time measurement of multi-dimensional variable heavy forces in extreme environments.  
Copyright © 2013 IFSA. 
 
Keywords: Stewart structure, Six-axis heavy force sensor, Load sharing, Six-site local pre-tightening method, 
Calibration experiment. 
 
 
 
1. Introduction 
 

Giant heavy-load equipment is of great 
significance in manufacturing industry, and the 
indication of national manufacturing level. With the 
characteristics of heavy load, large inertia, multiple 
degree-of-freedom and multi-dimensional force 
control, giant heavy-load equipment needs not only 
the real time feedback of its position, but also the real 
time feedback of six-axis heavy forces applied on its 
operation interface to adapt to its complex working 
conditions. Therefore, dynamic measurement of 
six-axis heavy forces is key technology in the control 
system design of giant heavy-load equipment. 

Compared with one-dimensional sensors, not only 
the volumes and prices of multi-axis heavy force 
sensors are considered, but also their structures, in 
order to make a balance between the isotropy of 
force/torque and that of sensitivity. Recently, 
researchers all over the world have done a lot of work 
on six-axis heavy force sensors. Stewart presented a 
novel spacial parallel structure, composed of two 
platforms and six parallel limbs connected with the 
platforms by spherical joints, which was called 
Stewart structure [1]. Gaillet and Reboulet applied 
Stewart structure to the measurement of spacial 
six-dimensional forces by measuring the forces in the 
six limbs with convection elements in them [2]. 
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Durand changed the traditional Stewart structure. He 
put piezoelectric quartz inside the Stewart structure 
and pre-tightened it [3], therefore, the sensor was 
more compact and could be used to measure tensions. 
Wang studied the parameter identification of six-axis 
force sensors based on Stewart structure [4]. Zhao 
presented an overall pre-tightened six-component 
force/torque sensor based on Stewart structure and 
conducted static calibration experiments [5]. 
Although several sensors have been fabricated up to 
now, their measurement ranges are no more than  
100 kN. Therefore, six-axis force sensors with large 
measurement ranges are needed. 

In this paper, the definition of load sharing ratio of 
six-axis heavy force is presented, and the effect of the 
size of load bearing beam on load sharing ratio is 
analyzed. Then, the structure of six-axis heavy force 
sensor with a measurement range of 200 kN is 
designed and a six-site local pre-tightening method is 
presented. Finally, the calibration of the six-axis 
heavy force sensor is conducted, and its load sharing 
ratios, linearity, repeatability and interference errors 
are analyzed. 
 
 
2. Load Sharing Measurement Principle 
 
2.1. Introduction of Load Sharing 
 

In this paper, a parallel load sharing measurement 
method for six-axis heavy forces is presented. Stewart 
structure is connected with load bearing beam, then 
only a small portion of the force is applied on the six 
limbs of the Stewart structure. Heavy force can be 
measured by mechanics decoupling of the force 
sensor [6]. Load sharing measurement principle of 
six-axis force sensor based on Stewart structure is 
shown in Fig. 1. The coordinate frame O-XYZ is 
attached to the center of lower platform. The centers 
of the spherical joints are denoted as bi ( 1,...,6)i  

and Bi ( 1,...,6)i  respectively. When a six-axis 

heavy force [ , , , , , ]F  x y z x y zF F F M M M  is applied 

on the center of the load bearing beam, most of F  
denoted as lF  is applied on the load bearing beam, 

and only a small portion of F  denoted as sF  is 

delivered to the six measuring limbs of the Stewart 
platform. Then F  can be expressed as: 
 

 F F F s l . (1) 
 

According to the relationship with the small forces 
in the six measuring limbs, six-axis heavy forces can 
be measured. The decoupling model of six-axis heavy 
force sensor based on Stewart structure can be 
expressed as [7]: 
 

 1[ ( ) /( )]
TF F

f f lF G SM G l E A f      , (2) 

 

where F
fG  denotes the first-order static force 

coefficient matrix, SM denotes the stiffness matrix of 
the load bearing beam, E denotes Young’s modulus of 
the load bearing beam, lA  denotes the cross-section 

area of the load bearing beam, l  denotes the length of 
the load bearing beam before deforming. 
 
 

 
 

Fig. 1. Schematic of the Stewart platform  
with load sharing beam. 

 
 

2.2. Load Sharing Ratio of Six-axis  
Heavy Force  

 
Load sharing of six-axis heavy forces extends the 

principle from one axis to six axes, but the load 
sharing effects in each axis need to be researched. 
There has been report about load sharing effects of 
one-axis heavy force sensors [8], but to six-axis heavy 
force sensors, a definite concept is needed to denote 
their load sharing effects. The concept of load sharing 
ratio is presented in order to do quantitative research 
on load sharing effects of six-axis heavy force sensors. 
Load sharing ratio is defined as the ratio of the largest 
force maxf  in the six measuring limbs to the 2-norm of 

the six-axis heavy force F : 
 

 
max

F
 

f
. (3) 

 
When six-axis heavy forces are applied, the less 

the largest force maxf  in the six measuring limbs (that 

is, the less the load sharing ratio), the better the load 
sharing effect. The load sharing of the six-axis heavy 
force sensor is realized by the load bearing beam. 
After changing the radius of the load bearing beam 
from 0.075 m to 0.125 m with a step of 0.01 m in the 
meantime keeping the other parameters constant, the 
change law of load sharing ratio with the radius of 
load bearing beam is shown in Fig. 2.  
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Fig. 2. The change law of the load sharing ratio with the radius  

of load bearing beam. 
 
 

With changing the length of the load bearing beam 
from 0.12 m to 0.22 m with a step of 0.02 m in the 
meantime keeping the other parameters constant, the 
change law of load sharing ratio with the length of 
load bearing beam is shown in Fig. 3. 

The results show that with the increase of the 
radius of load bearing beam, load sharing ratio in each 

direction decreases, including Z-axis, which validates 
the feasibility of load sharing method of six-axis 
heavy force sensor. With the increase of the length of 
load bearing beam, load sharing ratio of torques in 
Z-axis decreases, indicating the increase of load 
sharing capacity, while the load sharing capacity in 
other directions decreases. 
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Fig. 3. The change law of load sharing ratio with the length of load bearing beam. 

 
 

3. Structure Design of the Six-axis Heavy 
Force Sensor 
 

3.1. The Overall Structure 
 
By researching the load sharing effect of the 

sensor and combining the change law of isotropy and 
sensitivity with structure parameters [9], a six-axis 

heavy force sensor is designed with measurement 
range of Fx=Fy=Fz=200 kN, Mx=My=Mz=20 kNm. 
The radius of the upper platform 1r =277.5 mm, the 

radius of the lower platform 2r =237.5 mm, the angle 

between two adjacent spherical joints in the upper 
platform 1q =50°, the angle between two adjacent 

spherical joints in the lower platform 2q =30°, the 

length of the measuring limbs l =210 mm, the 
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thickness of the upper platform 1h =60 mm, the 

thickness of the lower platform 2h =60 mm, and the 

radius of the load bearing beam r =125 mm. The 
overall structure of the sensor is shown in Fig. 4. 

 
 

 
 

Fig. 4. Assembly drawing of the Stewart structure sensor 
with a measurement range of 200 kN. 

 
 

In the design of the sensor, besides appropriate 
structure parameters, specific structure of the sensor is 
required to be designed, particularly the connection of 
the sensor with the load bearing beam and the 
pre-tightening of the measuring limbs. 

 
 

3.2. Connection of the Sensor with the Load 
Bearing Beam 

 
In the measurement of six-axis forces, the sensor 

is required to be connected on the arm of the 
manipulator to realize load sharing by the beam in the 
center of the sensor. However, it is difficult to 
achieve reliable connection of the platforms with the 
beam in the center. 

It will destroy the structure of the connecting 
element if bolt connection or key connection is 
adopted. It is not convenient to use thermal swelling 
method or cold swelling method, and it is difficult to 
ensure accuracy of positioning. Finally, the Z2 general 
expansion sleeve is used to connect the upper platform 
and lower platform of the sensor with the load bearing 
beam. It is a wedge-shaped expansion sleeve which 
has many advantages, such as high centering accuracy, 
convenient to install and adjust and removal, high 
strength, stable and reliable in connection, and 
overload protection, particularly suitable to heavy 
loads. The connection structure is shown in Fig. 5. 
 
 
3.3. Measuring Limbs and Pre-tightening 
 

In order to accurately measure the forces applied 
on the measuring limb, the limb is composed of two 
parts with a sensor in the middle. The two parts are 
connected by flanges with a locating ring to ensure 

the coaxiality with the sensor. The pre-tightening of 
the one-dimensional piezoelectric sensor is achieved 
by the bolts in the flanges. The length of the 
measuring limb can be adjusted by screwing the bars 
into or out of the flanges. Locknuts are used to fasten 
the bars of the two parts. In order to reduce the effect 
of friction on measurement results, steel balls are 
installed on both ends of the measuring bars with the 
purpose of substituting the sliding friction with 
rolling friction. Assembly drawing of the measuring 
limb is shown in Fig. 6. 
 
 

 
 

Fig. 5. The wedge-shaped expansion sleeve. 
 
 

 
 

Fig. 6. Assembly drawing of the measuring limb. 
 
 

The connection of the measuring limbs with 
platforms is spherical joints, and there may be space 
between them. Therefore, they need to be 
pre-tightened to eliminate the space between joints, 
enhance the overall stiffness, and keep the sensor in 
compressed state. To the traditional Stewart structure, 
Zhao et al. adopted the overall pre-tightening method 
[4]. However, as to the parallel Stewart structure, 
overall pre-tightening is impossible because the 
platforms are installed on the load bearing beam. 
Therefore, measuring limbs must be pre-tightened 
individually. As to the problem that it is difficult to 
pre-tighten the measuring limbs, a six-site local 
pre-tightening method is presented, as shown  
in Fig. 7. 

These measuring limbs contact the platforms with 
pre-tightening bolts and pre-tightening slider. After 
the platforms are fastened on the load bearing beam, 
pre-tightening bolts are screwed to drive the slider to 
pre-tighten the measuring limbs. Forces in each of the 
limbs are adjusted almost the same by fine tuning of 
the pre-tightening bolts. Consequently, the six-aixs 
heavy force sensor with the measurement range of 
200 kN is fabricated, as shown in Fig. 8. 
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Fig. 7. The six-site local pre-tightening method. 
 
 

 
 

Fig. 8. The six-axis heavy force sensor with 200 kN 
measurement range. 

 

 
4. Calibration of the Six-axis Heavy 

Force Sensor 
 

In order to get the static performance indices of 
the sensor, the sensor is calibrated on the calibration 
equipment, and the calibration matrix of the sensor is 
obtained with least square method. Measurement 
value of applied forces can be calculated with the 
matrix, and linearity, repeatability, interference and 
load sharing ratio in each direction can be obtained 
accordingly. 
 
 
4.1. Calibration Equipment for Six-axis 

Heavy Force Sensors 
 

It is difficult to calibrate a six-axis heavy force 
sensor by traditional calibration equipment, integrated 
by multiple load sources or direction-changeable load 
sources, which will decrease the stiffness of the whole 
equipment. Therefore, in this paper, unique loading 
source is selected to fabricate the calibration 
equipment, as shown in Fig. 9. This calibration 
equipment has a gantry structure which is high in 
stiffness and light in weight, integrated by a high 
precision force sensor and a precision digital 
measurement instrument. The six-axis heavy force 
sensor can be calibrated by changing the position of 

installation. There is a vertical board on the other side 
of the worktable, which facilitate to load torques or 
moments. The maximum load is 200 kN. 

 
 

 
 

Fig. 9. The calibration equipment for six-axis  
heavy force sensors. 

 
 

4.2. Calibration of the Six-axis Heavy Force 
Sensor with the Range of 200 kN 

 
In order to calibrate the sensor, six-axis heavy 

forces 

 T0 0 0 0 0cx cxFF , 
T

0 0 0 0 0F   cy cyF , 

 T0 0 0 0 0F cz czF , 

 T0 0 0 0 0M cx cxM , 
T

0 0 0 0 0M   cy cyM  and  

 T0 0 0 0 0M cz czM  are applied respectively.  

Six measurement results 

 T1 2 3 4 5 6 ( 1,2,...,6)u  i i i i i i iu u u u u u i  

are derived. In the process of loading, applied forces 
increase gradually, and then decrease gradually after 
reaching the maximum. In order to reduce random 
errors, the average of three output results is utilized. 
By fitting the data about calibration force/torque and 
outputs with least square method, the calibration 
matrix of the sensor is obtained. Take X-axis for 
example, when different calibration forces along 
X-axis 1 2, , , , , cx cx cxi cxNF F F F  are applied, the 

voltage outputs are 1 2, , , ,u u u u i N , where 

 T1 2 3 4 5 6u i i i i i i iu u u u u u . Then the 

calibration force cxiF  can be denoted as: 

 

11 1 12 2 13 3 14 4 15 5 16 6       cxi i i i i i i ciF g u g u g u g u g u g u , (4) 
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where  ci  is the calibration error. 

According to the least square estimation 
parameters of g11, g12, g13, g14, g15, g16, the residual 
sum of squares for the model is: 
 

2
6i165i154i14

3i132i12

N

1i

N

1i
1i11cxi

2
i

)]ugugug

ugugug(F[S



  
 


 (5) 

 
Partial derivative of S  to g11, g12, g13, g14, g15, g16 

is calculated, that is, 
 

 )6...,,2,1i(0
g

S

i1





, (6) 

 
where g11, g12, g13, g14, g15, g16 can be obtained by 
solving the above equation set. When the above 
parameters are denoted as matrixes, that is 
 

 T1 2cxF  cx cx cxNF F F , . 

 

 T11 12 13 14 15 161g  g g g g g g , 

 

 T1 2, , ,    N ,  

 

11 21 61

12 22 62

1 12 6N N

u u u

u u u

u u u

 
 
 
 
 
 





   



u , 

 
Eq. (4) can be expressed as: 
 
 1F = ug +cx  . (7) 
 

The residual sum of squares for the model can be 
written by: 
 

  TΤ
1 1( )F ug F ug   cx cxS   . (8) 

 
Since the value of S  is not negative, it must have 

minimum. The estimation value of cxF  is denoted as 
Fcx=ug. According to the derivative law of matrixes, 

let 

1

| 0





 g g

S

g
, then 

 

 0)ugF(u cx
T  . (9) 

 
By solving Eq. (9), the estimation value of the 

calibration parameter g1 can be expressed as: 
 

 cx
T1T

i Fu)uu(g   (10) 

 

Similarly, forces are applied in other directions, 
and the final calibration matrix can be written by: 

 

      
1 2 3 4 5 6G g g g g g g    . (11) 

 

After calibrating the sensor with least square 
method, the calibration matrix of the sensor can be 
obtained: 
 

4754 -12002 8802 10797 -12627 2685

23826 3548 -17242 20061 -4591 -20269

781 6146 -289 -1097 6345 2033

1364 480 -775 909 -521 -1186

-838 1452 -776 -991 1528 -647

847 -126 -128 195 121 -744

G

 
 
 
 

  
 
 
 
   .

 
(12) 

 
 

4.3. Static Performance of the Six-axis Heavy 
Force Sensor 

 

In the process of static calibration, not only the 
relationship between input and output, but also some 
principle performance indices are needed. According 
to the calibration matrix obtained, static performance 
indices of the sensor can be evaluated. These indices 
include linearity [10], repeatability [11], interference 
[11], and load sharing ratio. 

In order to get the indices mentioned above, six 
different forces or torques are applied in each 
direction, and the measurement values are obtained by 
multiplying the forces in six limbs with the calibration 
matrix. The experimental results are shown in Fig. 10. 

As shown in Fig. 10, the load sharing ratios of 
forces in X, Y and Z axes are 1.8 %, 1.6 % and 0.28 % 
respectively, and load sharing ratios of torques in X, Y 
and Z axis are 17.2 %, 19.1 %, and 11.5 % 
respectively. The repeatability errors are within  %, 
the linearity errors are within 1.2 % and the 
interference errors are within 5 %, which is allowable 
in the workshop. 
 
 

5. Conclusions 
 

In this paper, a six-axis heavy force senor based on 
the Stewart structure is designed. The concept of load 
sharing ratio of six-axis heavy force sensor is defined. 
With the increase of the length of the load bearing 
beam, the load sharing ratio of torques in Z-axis 
decreases, indicating the improvement of load sharing 
capacity, while the load sharing ratios in the other 
directions increase. Then, the six-axis heavy force 
sensor is calibrated on the established calibration 
equipment, and the experimental results indicate that 
the proposed sensor has good load sharing ratios, high 
linearity, high repeatability and little interference, and 
can be applied to measure real-time 
multi-dimensional variable heavy forces in extreme 
environments. 
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Fig. 10. Measurement of force/torque in each axis. 
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Abstract: This article developed a set of real-time monitoring system for alumina clinker quality. By analyzing 
and processing blanking sound signals that are collected at the export of alumina cooler machine, the system 
realizes the real-time monitoring for the sintering quality of alumina clinker. It consists of quality monitoring 
terminal, data server, remote terminal and equipment of network transmission and switch. Quality monitoring 
terminal transmits sampled and encoded sound signals which are collected by sound sensor to data server through 
switches and optical fiber. The software that runs on the data server contain: network transmission modules, sound 
signal processing module, sintering quality analysis module and storage database. The data server can not only 
store, analyze, display sound files, but also provide real-time and historical data about clinker quality and 
corresponding original sound files to remote terminal after receiving requests from the terminal. According to spot 
tests and comparisons with the proportion method, the accuracy of alumina absorbed baking fume (insufficient 
firing) state detection based on this system achieves 98.41 %, and the recognition veracity rates for normal and 
over-firing states can also be up to 85.18 % and 87.75 % respectively. This system can realize real-time 
monitoring for alumina clinker quality with high accuracy, and it possesses evident potentiality in the field of 
alumina industry. Copyright © 2012 IFSA. 
 
Keywords: Alumina clinker quality, Sound signal, Real-time monitoring, Sound sensor, Monitoring system 
 

 
 
1. Introduction 
 

This template provides authors with most of the 
formatting specifications needed for preparing their 
articles. 

Sintering process method is a commonly used 
method in alumina production process, and rotary kiln 
is the capital equipment of alumina clinker sintering. 
While the sintering reaction of alumina clinker in 
rotary kiln is performed at high temperatures and the 
physical-chemical reaction is complex. In addition, 
process control to the reaction is difficult due to the 
massive size of clinker. To realize automatic control 
of rotary kiln, Northeastern University [1], Central 

South University [2] and other research institutions 
have carried out researches about the intelligent 
control system for alumina clinker sintering rotary 
kiln, which has achieved good performances in this 
aspect.  

To realize the intelligent control of alumina clinker 
sintering rotary kiln, the firing state of rotary kiln is 
needed to be required timely and accurately. 
Generally the process relies on the observation of 
flame image manually for a long time. Zhang 
Hong-Liang [3-5] judges rotary kiln firing state 
according to the analysis of the flame image based on 
neural network and SVM method. Sun Peng [6], Yi 
Zheng-Ming [7] also acquire flame strengths and 
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clinker rating eigenvalues by processing and 
extracting features of rotary kiln flame images, which 
provide a reliable basis for the operating optimization 
and automatic control of the rotary kiln. 

However, these methods cannot be achieved for 
the direct detection of the sintering state of alumina 
clinkers at the output of alumina clinker sintering kiln 
cooler. The detection of final sintering states of 
clinkers at the output of rotary kiln coolers is still 
stuck in the manual stage at present. Furthermore, the 
detection is mainly implemented by measurements of 
manual sampling, observations of the clinker state by 
naked eyes or listening blanking sounds. In addition, 
the decision of detections is also made based on 
personal experience. These methods may be 
influenced greatly by subjective factors of the staff 
and cannot acquire accurate results. Besides, for the 
high temperature of alumina clinkers when they are 
out of equipments, there are a lot of dusts which can 
threat workers' health and safety directly [8].  

For certain differences of blanking sounds 
generated at different sintering states of alumina 
clinkers, the states can be discriminated by analyzing 
characters of sound signals in time domain and 
frequency domain after sound data of impacts between 
clinkers and rotary kilns is collected on spot. Based on 
the above theory, this paper designs a device for 
monitoring alumina clinker quality, which achieves 
automatic control and monitor for sintering quality of 
alumina clinkers at the output of rotary kilns. 

 
 

2. Discriminant Algorithms for Alumina 
Clinker Quality Based on Sound Signal 
Analysis 
 

The analysis of sound signal has been widely used 
in the field of medical diagnosis [9] and fault 
diagnosis of equipment [10, 11]. Analytic methods 
such as wavelet analysis, frequency domain analysis, 
time domain analysis are commonly used for sound 
signal analysis. [12] uses a method based on the fractal 
correlation dimension to study the characteristics of 
voice signals of diesel engine. In [13], time-frequency 
analysis of some pathological phonocardiogram 
signals has been studied for diagnosis and 
pathological recognition. Also, a method for fault 
diagnosis based on wavelet packet of sound signal is 
proposed in [14]. Since different blanking sound 
signals collected at the output of alumina cooler 
machine have their own specific characteristics in 
time domain and frequency domain, we propose a 
method for monitoring alumina clinker quality based 
on analysis of sound signals in both domains. 

 
 

2.1. Frequency Domain Analysis 
 

2.1.1. Discrete Fourier Transform (DFT) 
 

Discrete Fourier transform (DFT) is an important 
transform in signal analysis and processing. It reflects 

a correspondence relationship between N points in the 
time domain and frequency domain. The definition of 
DFT is: Suppose { ( )},0x n n N  is a discrete time 

sequence, and its discrete Fourier transform ( )X k is: 
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the DFT is usually expressed as: 
 

 1

0

( ) ( ) ,0 1
N

kn
N

n

X k x n W k N




     (2) 

 
The inverse discrete Fourier transform (IDFT) is 

given by: 
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2.1.2. Fast Fourier Transform (FFT) 
 

Fast Fourier Transform (FFT) is a fast algorithm 
for the discrete Fourier transform (DFT). It is 
computationally high efficient compared with direct 
computation. The algorithmic thought is: decompose 
an N point time domain signal into N time domain 
signals each composed of a single point, then the N 
frequency spectra corresponding to these N time 
domain signals is calculated. At last, the N spectrum is 
synthesized into a single frequency spectrum. 

 
 

2.2. Time Domain Analysis 
 

Suppose the length of a window is n, data points in 

a window are },...,,{ 321 nxxxxx  , then the 

average amplitude is: 
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In addition, suppose ' ( )x diff x is a 

first-difference of x , the length of 'x is 1n  , and 

1 2 3 1' { ' , ' ' ... ' }nx x x x x  , then differential mean 'x : 
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In this paper, a method of feature extraction 

through splitting windows in time domain and 
frequency domain is adopted. This method can judge 
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sintering states of clinkers according to real-time 
analyses of selected sound data.  

 
 

2.3. Analysis of Sound Signals in Time 
Domain and Frequency Domain 

 
 
The first work is analyzing sound signal samples, 

and then extracts eigenvalues of sound signal in time 
domain and frequency domain according to samples 
information. Through amplitude normalization and 
Fourier transform on the original data, characteristics 
of sound signals in time domain and frequency 
domain can be acquired. The characteristics of 
over-firing, normal and insufficient firing states are 
shown in Fig. 1. Basic forms of data are displayed in 
the figure.  

According to experiments on numerical samples, 
we find that its characteristic basically accords with 
the above forms for each sound signal. From analysis 
of the information in Fig. 1, we know that the basic 
form of a sound signal in time domain when alumina 
clinker is in over-firing state can be described as: low 
amplitude, small fluctuations, and flatten in general; 
its basic form in frequency domain is: small general 
energies, small changes in energies of each frequency 
spectrum. When the alumina clinker is in normal state, 
the basic form in time domain of the sound signal is: 
high amplitude, large fluctuations, and enormous 
energies; the form in frequency domain has such 
characteristics as large general energies, evenly 
decreases of energies from high frequency spectrum to 
low frequency spectrum. However, the basic form in 
time domain of a sound signal created when the 
alumina clinker is in insufficient firing state can be 

described as: high amplitude, enormous general 
energies, and the range of fluctuation degrees is 
between the degrees of the two above signals that have 
larger fluctuation than the first type of sound signal 
and smaller fluctuation than the second type of sound 
signal. Its main characteristics of forms in frequency 
domain are: enormous energies in general, abrupt 
decreases of energies from high frequency to low 
frequency. 

To monitor the alumina clinker quality and 
classify three different states of clinkers, difference 
average amplitudes of signals in time domain are 
analyzed. We can clearly see that differences of three 
sound signals are obvious. Fig. 2 displays the basic 
forms of the three signals which can recognize each 
signal from other two signals easily.  
 
 
2.4. Methods for Classification 
 

The system firstly treats the sound data with a 
window function which sets 10 milliseconds as the 
length of a window. After that, features in time 
domain and frequency domain of each window are 
extracted, then the quality of alumina clinkers can be 
classified by comparing the test signal characteristics 
with the standard sample characteristics of each state. 
In this system, we part and store sound data per  
10 seconds. Since the length of a window is  
10 milliseconds, one piece of sound data contains 
1000 windows. According to accumulative statistics 
method, the state category with largest numbers is 
taken as the recognition results. The flow chart of the 
method is shown in Fig. 3. 

 
 

 
 

Fig. 1. Characteristics of sound signals in time domain and frequency domain (From the top to the bottom of Fig. 1, the signals 
are normal sound signal, over-firing sound signal and insufficient sound signal. Left graphs are basic forms in time domain and 

right graphs are forms in frequency domain). 
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Fig. 2. Difference average amplitudes of signals in time 
domain (a presents sound signal in normal state, b presents 
sound signal in over-firing state and c presents sound signal 

in insufficient signal). 
 
 

 
 

Fig. 3. Flow chart of the system. 
 
 

3. Realization of Monitoring System  
 
3.1. General System Design 
 
Fig. 4 is the block diagram of overall structure about 
the system. The data server and the remote terminal in 
this system apparatus are normal server and PC; data 
server and remote terminal are connected with the 
factory network via Ethernet; scene switch and the 
internal switch are industrial switches that can work 
normally in high dust environments; the scene 
switches and internal switches are connected through 
optical fibers and plant network. The functions of 
software running on a data server include: storing data, 
analyzing sintering quality, analyzing and processing 
sound signals, network transmission control module. 

The data server can also store, analyze, display sound 
signals and provide current and historical data about 
clinker qualities and corresponding original sound 
files to remote terminal after receiving requests from 
the terminal. The functions of remote access software 
installed on the remote terminal include: obtaining 
current and historical data of clinker quality and 
replaying original sounds of corresponding periods. 
 
 
3.2. Quality Monitoring Terminal  

of Alumina Clinker 
 
The monitoring terminal of alumina clinker quality 

developed by ourselves can realize functions of 
collecting, analyzing, storing and network 
transmission of sound signals which are generated 
when the clinkers drop down at the output of alumina 
cooler machine. Alumina clinker sintering terminal 
contains filtering de-noising circuit, A/D conversion 
circuit, sound coding circuit, master processing chip, 
network interface, buttons and display components. 
The power module provides 5V operating voltage for 
circuit components in alumina clinker sintering 
terminal, and also provides 12V operating voltage for 
the sound collector through power cord. The master 
processing chip is used to control the running of the 
alumina clinker sintering quality monitoring device 
which contains each circuit module, the work of sound 
controller and processes of sound data. 

The monitoring terminal converts sound signal 
collected by the sound sensor into an electric signal, 
and transforms it into sound file through filtering 
de-noising circuit, A/D conversion circuit and sound 
coding circuit, then uploads the sound signal with the 
file form in real time via network interfaces[15]. The 
quality monitoring terminal of the system is shown in 
Fig. 5. 

 
 

3.3. Highly Sensitive Sound Acquisition 
Sensor and Dustproof Design 

 
For the collection with high-density of alumina 

clinker blocking sound and satisfying the environment 
requirements of high temperature and high dust, a 
military grade sound sensor--pickup (model: 
PK-040H) with excellent sealing performance and 
exactly high sensitivity is selected to sound 
acquisition [16]. It can acquire sound accurately and 
quickly, which is great helpful to discriminate quality 
of alumina clinker. The sensor uses the solid, beautiful 
and durable metal shell with plating surface, which is 
away from environment surrounding noises. It 
processes the functions of waterproofing, anti-damp 
and dust-proofing as well. For its built-in the AGC 
digital voice noise reduction and DTS signal 
processing circuit, it can prevent the distortion and 
attenuation of sound signals effectively. The pickup 
contains lightning protection module, prevention of 
feedback module, static protection module and power 
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protection module. In addition, transmission 
technology of super long sound signal which using 
RVVP3 0.5 mm2 shielded cable can protect signals 
from being transmitted 3 km without distortion. It is 
suitable for super ambient temperature which ranges 
from -20 �-70 � and can also guarantee sound 
sampling effects. 

Monitoring terminal of quality and sound sensor 
are both installed at the output of the alumina clinker 
the sintering kiln cooler. To ensure that the equipment 
can work steadily for a long time in huge dust 
environment, the sound sensor is installed in a 

diameter of 20 cm, length 60 cm, 45 degrees 
downward sloping steel barrel, which can not only 
achieve dustproof purpose, but also can keep the 
directionality of a sound signal and dampens 
surrounding noises. Besides, the shell of quality 
monitoring terminal is sealed together with a part of 
network transmission equipment and power 
installation in a confined cabinet. According to 
practical test, all dustproof designs achieve desired 
effects, and quality monitoring terminal and sound 
sensing work groups can keep on working for more 
than 30 days. 

 
 

 
 

Fig. 4. System block diagram of general structure. 
 

 

 
 

Fig. 5. The quality monitoring terminal of alumina clinker. 
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4. Experimental Results and Discussion 
 

4.1. Experimental Methods 
 

Firstly we select a normal running state of alumina 
clinker sintering rotary kiln, and install quality 
monitoring terminal and sound sensors at the output of 
the alumina clinker the sintering kiln cooler. 
Furthermore, the collected sound data is stored as a 
wav file per second, then the files are transmitted to 
server that is installed in the central control room 
through network. The server stores received files in 
chronological order and analyzes them in real-time, 
then judges the sintering state of alumina clinkers 
(normal, over-firing and insufficient firing). At last a 
comparison between our method and conventional 
proportion method of detecting the sintering state of 
clinkers is made after alumina clinkers sampled on site 
each hour. 
 
 
4.2. Results of Sound Sampling and Stability 

of Transmission 
 

Sound sampling frequency of quality monitoring 
terminal is 44 kps, and the sampled sounds are stored 
as a wav file each 10 seconds. After 12 days of 
continuous operations, the number of sound files sent 
to the server is total of 103,680 and the server 
successfully received the files as a total of 103,680 
that the rate of the sound file collection and correct 
transfer reaches 100 %. 

 
 

4.3. Comparison Results of on Site Tests 
 
The server analyzes received sound files in 

real-time, and a detection result is acquired each  
10 seconds. For conventional proportion method of 
alumina sintered state detection needs sampling 
manually, which is impossible to obtain the alumina 
sintered state data in real-time, therefore a sampling 
detection is usually made every 1-2 hours. From the 
actual detection process, the alumina sintering state is 
not stable, and the frequency of the actual changes is 
high. To achieve a good contrast effect, comparisons 
of results are only made in sampling periods. Through 
continuous detections for 12 days, 1,487 valid 
comparison data is acquired. The results are shown in 
Table 1. According to results of the proportion 
method, the number of clinkers in normal state at the 
output of rotary kiln comes to 668, which is the 
majority in test results. While the monitoring system 
developed by ourselves detects 569 results correctly, 
and 65 samples in normal state are recognized as in 
over-firing state; 34 samples in normal state are 
recognized as in insufficient firing state. In addition, 
there are 253 samples in over-firing state, and the 
developed system can recognize 222 samples 
correctly; 31 samples are discriminated as in normal 
state; no samples are discriminated as in insufficient 

firing state. Furthermore, there are 566 samples in 
insufficient state, and the developed system can 
recognize 557 samples successfully; 7 samples are 
discriminated as in normal state; 2 samples are 
discriminated as in over-firing state.  

The comparisons of accuracy and error rate 
between the monitoring system and proportion 
method are shown in Table 2. The accuracy of this 
system detecting alumina clinkers in insufficient 
firing states achieves to 98.41 %, and the accuracies of 
detecting samples in normal and over-firing state 
came to 85.18 % and 87.75 % correspondingly. The 
general accuracy of this system can achieve to  
90.34 %. 

 
Table 1. Comparison of detection results between our 

system and proportion method. 
 
The number of 

samples 
Homemade monitoring system test 
results of alumina clinker qualities 

Actual results of 
proportion method  

Normal 
Over- 
firing 

Insufficient 
firing 

Normal 668 569 65 34 
Over- 
firing 

253 31 222 0 

Insufficient 
firing 

566 7 2 557 

Total  1487  

 
 

Table 2. Comparisons of accuracy and error rate between 
the monitoring system and proportion method. 

 

The number of 
samples 

Homemade monitoring system test 
proportions of alumina clinker 

qualities 
Actual results of 

proportion method  
Normal 

Over- 
firing 

Insufficient 
firing 

Normal 85.18 % 9.73 % 5.09 % 
Over-firing 12.25 % 87.75 % 0 
Insufficient firing 1.24 % 0.35 % 98.41 % 

General accuracy   90.34 %  

 
 
5. Conclusions 
 

This paper designed a real-time monitoring system 
for alumina clinker quality based on sound signal 
characteristics in time and frequency domain. This 
system can quickly detect sintering state of alumina 
clinkers at the output of the alumina clinker sintering 
kiln cooler with high accuracy. The detection 
frequency can be up to 10 seconds per time. Besides, 
the accuracy of this system achieves to 90.34 % 
comparing with conventional proportion method. 
Especially for the clinkers in insufficient state, the 
accuracy can be up to 98.41 %. In addition, the 
developed system can also store data automatically 
and alarm timely. The online monitoring system can 
reduce the difficulty of manual operations effectively 
and improve production efficiency and quality. It has a 
broad application prospect in the field of automatic 
control of alumina production. However, the 
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continuous working stability and the adaptability in 
severe environments of this system need to be 
improved in the future. 
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Abstract: In this paper a comprehensive finite element analysis of an Electromagnetic acoustic transducer is 
presented. EMAT is an emerging technology that provides a non contact process of testing materials compared 
to ultrasonic testing techniques that requires a coupling medium. The EMAT phenomenon can be particularly 
useful in rail, pipeline and aerospace industries for thickness measurements and defect detection in conductive 
materials. The Lorentz force and the effect of varying the EMAT parameters such as lift off was investigated to 
show the effects it has on the performance of EMAT. Additionally, the wave propagation in a conductive 
material is investigated, which involves the coupling of several physical parameters, which includes mechanical 
and electromagnetic properties. This led to the investigation of defect detection in an aluminum material. 
Results obtained shows the model is capable of detecting the depth, width and location of the surface defect 
using the mechanical displacement amplitude. Copyright © 2013 IFSA. 
 
Keywords: EMAT, Transducer, Finite element, Defects, Ultrasonic testing, Sensors. 
 
 
 
1. Introduction 
 

Non destructive testing (NDT) is a method used 
for the inspection of materials to produce information 
leading to decisions to be taking on the serviceability 
of the material. It is the most common method of 
testing materials, NDT does not require the disabling 
or tampering of the system of interest, it is a highly-
valuable technique that saves both money and time in 
product evaluation and troubleshooting. Depending 
on the type of material and defect, there are various 
types of NDT testing procedures available for any 
kind of testing requirements, such NDT techniques 

include; radiography, Eddy current, magnetic particle 
inspection, visual method, ultrasonic testing and 
EMAT. The disadvantage of ultrasonic testing is that 
a coupling medium is needed to transmit ultrasonic 
waves into the material, but the material surface may 
not be accessible due to rust, the temperature of the 
material, location or positioning of the material. 
Sometimes the coupling medium might absorb the 
transmitting signal not allowing the propagation of 
ultrasonic wave into the material. Therefore EMAT 
can be used as it combines the advantages of 
ultrasonic testing but does not require a coupling 
medium, it uses the electromagnetic properties of the 
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EMAT coils and mechanical properties of the 
material to create a force known as Lorentz force to 
launch ultrasonic waves into the material. EMAT 
consists of a permanent magnet or electromagnet, 
meander coils and a conductive material as shown in 
Fig. 1. The magnet introduces a static magnetic field, 
while the meander coils are excited with an 
alternating current source. The meander coils are 
placed underneath the magnet near the surface of the 
conducting materials, this is excited by an external 
current at a desired ultrasonic frequency, leading to 
induced current at the skin depth surface of the 
electrical conducting material [1]. 

 
 

 
 

Fig. 1. 2D structure of an EMAT which includes  
a Permanent or Electro Magnet [1]. 

 
 

The interaction between the induced current and 
static magnetic fields creates a force known as the 
Lorentz force, which excites the material to generate 
propagating acoustic waves. The wave source is 
created in the material under test compared to other 
UT methods such as the piezoelectric transducer 
where the material is excited and the energy is 
transferred through the coupling medium, which can 
lead to losses of ultrasonic energy to be transferred 
into the material [1]. There are a wide range of 
numerical techniques used to evaluate EMAT, such 
as method of moments, boundary elements, finite 
difference, finite element etc. Finite element and 
finite difference methods are the most common 
numerical methods used to solve EMAT problems. 
There has been work published on various numerical 
models of EMAT, which includes Ludwig el al. [2] 
and Kaltenbacher et al [3, 4], which is based on finite 
element and finite difference methods for testing non 
ferromagnetic material. The emphasis in 
Kaltenbacher work was based on guided wave 
generation and reception in thin plate. Mirkhani et al 
[5] researched experimental and numerical methods 
of analyzing an EMAT transmitter, where the EMAT 
model gives several important improvements over 
previous published work. In this work spatial 
inhomogeneity in the magnetic flux density is 
calculated and used to determine the force. Xjian et al 
[6] worked on Rayleigh wave and the effect on 
ultrasonic generation of a back plate in EMATs. A 

permanent magnet is included behind the EMAT 
coils and an electrically conducting backplate is 
placed between the coil and the magnet to prevent 
ultrasonic generation in the magnet by the current 
generated in the EMAT coil. Shapooradadi [7, 8] also 
presented finite element analysis of EMATs 
operating in transmitting mode, where two different 
definitions of source current density are compared to 
highlight the importance of skin and proximity 
effects. Ludwig et. al [9] developed a multi-stage 
numerical model of an EMAT system, in particular 
focusing on the EMAT receiver. The model is 
capable of accounting for a static magnetic field, 
pulsed eddy current, Lorentz force distribution, 
acoustic wave generation and propagation and 
acoustic wave detection. The presented finite element 
model has been developed in the spirit of work 
conducted in Ludwig and Thomas [8-10], to 
accurately account for induced current distribution, 
the Lorentz force and the effects of varying the 
EMAT design parameters such as the “lift off”. This 
work was further investigated by rigorous 
convergence tests for the stability of the finite 
element model to stabilize the material to allow 
accurate propagation of surface waves in the material 
[11]. In addition to the comprehensive analysis of the 
EMAT, the model is also accountable for the 
detection of defects in the conductive material; it is 
able to detect different types of defect like width and 
defects inside the material, compared to other 
literature [12], where this analysis was only able to 
detect surface defects. The model is capable of 
detecting defects by the displacement amplitude and 
phase change in the received signal. 
 
 
2. Analysis 
 

The governing equation involved in transient 
magnetic field for the transmitting EMAT, where the 
schematic is represented in Fig. 1, is expressed in 
terms of magnetic vector potential (MVP) A, and 
source current density (SCD). The current density Jsk 
and MVP have only longitudinal direction,              
Z-component [7],  
 

sk
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A
gradA
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where σ is the conductivity, Az is the Z-component of 

the MVP, and µ is the permeability, Jsk is the SCD of 

the K-th source conductor. 
For the geometry of the system shown in Fig. 1, 

there are two different expressions for the source 
current density Jsk. For the incomplete equation the 
simple expression for Jsk is 
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where ik(t) is the total current flowing in the K-th 
source coil conductor, and Sk is the cross section area 
of the coil conductor. Substituting equation (2) in (1), 
the governing equation for the transient magnetic 
field of the transmitting EMAT becomes 
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However, it should be noted that in equation (2) 

the effects of the magnetic field generated in the coils 
is not taken into account and this can affect the 
accuracy to when modelling the real phenomenon by 
(3). For a more accurate equation, the integral form 
of Maxwell equations is used, where it is possible to 
insert the effect of the magnetic field generated in the 
coils in the expression of Jsk, which leads to: 
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Jsk is not only a function of total current but it is 

also a function of the time derivatives of the surface 
integral of the magnetic vector potential (Az) [7] 
where Rk represents the cross-section region of the K-
th conductor. By substituting (4) into (1), the 
following differential equation is obtained, 
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In order to be accurate the magnetic fields 
produced by the coils are taken into account in the 
equation. The incomplete equation is a simple 
calculation of the total current divided by the cross 
section of the coil in (2), while the accurate equation 
takes into account the magnetic field provided by the 
coil, by taking the surface integral of the magnetic 
vector potential, which enhances the accuracy of the 
results as will be shown later. 
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Equation (6) is then discretized using a Finite 
element procedure in the whole computation domain 
obtaining (7), A and matrices Sn x n and Tn x n are 
FE coefficient matrices (8). The same procedure if 
followed for (5), obtains the following equation, 
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To solve the ordinary differential equation (7), a 

pure implicit scheme is applied (4) 
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where the matrix Rn x n is giving by 

)QQPT(R T1   (9) 

 
and R is symmetric [4]. 

The Lorentz force in the material is calculated for 
aluminium which has no magnetic properties. The 
Lorentz force is a result of the interaction between 
the induced current Jz and the magnetic flux density 
Bo .The calculation of the interaction between these 
fields is conducted, leading to the force component 
being calculated [1]. 

 
0L BJf   (10) 

 
The direction of the force is also determined by (10). 
Due to the set up of the 2D EMAT model, B0 has x 
and y components, while induced current Jz has only 
one component in z direction. The Lorentz force 
calculated above is coupled with the mechanical 
analysis to vibrate the material which launches the 
acoustic wave in the material. The acoustic field 
equation is stated in terms of a particle displacement 
vector   and the Lorentz force as follows  
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where ρ is mass volume density and λ and µ are lame 
constants [8] 
 
 
3. Results  
 

The structure of the EMAT considered in this 
paper is shown in Fig. 1. It consists of six rectangular 
meander coils with identical cross section of height a 
and width b. d is the distance between coils and h 
denotes the lift off distance between the meander 
source coils and the conductive material. 

The transient excitation current in the coils is the 
given as (8) 
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where I0 is the current amplitude, ω0=2πf0 is the 

angular centre frequency and n is the number of 
cycles. The parameters used are f0= 500 kHz, n=2, 
I0=100 A, B0= 1 T, a=0.1 mm, b= 0.5 mm,                 
d = 0.5 mm and h=1 mm. The Mesh based on Second 
order quadratic triangular elements as shown in      
Fig. 2. The mesh elements were refined around the 
skin depth surface of 0.1 mm depth into the material, 
the time steps, relative tolerance and the absolute 
tolerance were adjusted for a more accurate 
calculation.  

for   0/20 nt 

for   0/2 nt   
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Fig. 2. The mesh elements refined around the skin 
depth surface [10]. 

 
 

A detector was placed underneath the fourth coil 
from the left of the EMAT structure to record the 
time variation of all the extracted data from the 
simulations. Taking into account the external source 
current applied to the coils and the static magnetic 
field across the material, the complete equation is 
solved to calculate the induced current in the 
material. The result shown in Fig. 3 indicates the 
presence of induced eddy current within the skin 
depth surface (0.119 mm) of the material. The 
Lorentz force is observed at the same point as the 
induced current shown in Fig. 4. 
 

 
 

Fig. 3. Plot of induced current in the material [9]. 
 
 

 
 

Fig. 4. Plot of Lorentz forced in the material [9]. 
 
 

The result also shows that the Lorentz force is 
related to the induced current, both having the same 

waveform, this is an expected result because the 
Lorentz force depends on the induced current as 
expressed in equation [10]. Further work was carried 
out to investigate the performance of EMAT varying 
the lift off distance h. Results shown in Fig. 5 
indicate that the force in the material is a non linear 
function of lift off. When the lift off distance is 
reduced from 1mm to 0.1 mm, the force present at 
the surface of the material is 16 times stronger, which 
is in a good agreement with earlier published work 
[8]. For 1 mm of lift off the force obtained was 
approximately 120 M N/m3, while at 0.1 mm the 
force obtained was approximately 2000 M N/m3 
[10]. 
 
 

 
 

Fig. 5. Variation of Lift off in the material  
at 500 kHz [10]. 

 
 

The accuracy of the numerical method was 
further investigated by firstly decreasing the 
triangular mesh element size to determine the 
convergence of the displacement, which will ensure 
the convergence of all other physical quantities. A 
detector was placed at the surface of the material 
underneath the coils. The mesh consists of second 
order quadratic triangular elements which are refined 
from 1110 to 10072 elements with Δt of 0.01µs. 
Results shown in Fig. 6 illustrate how the 
displacement reaches its convergence at               
3000 elements. Furthermore, the accuracy of the 
numerical method was tested by reducing the size of 
the time step. A fine mesh consisting of               
7519 elements was used although results show that 
any amount of mesh over 3000 elements is sufficient 
to obtain accurate results. The detector was also 
placed in the same point at the surface of the material 
underneath the coils. The result shown in Fig. 7 
illustrates the time step larger than 0.1 µs is 
inaccurate, which is also confirmed by Nyquist law. 
In this case the largest time step to be used in this 
scenario is 0.1 µs. By reducing Δt further to 0.01 µs 
increased the computation running time significantly 
and the amplitude was further improved by 0.5 nm to 
the value of 4.12 nm. The time steps were further 
varied between 0.01 µs and 0.05 µs to verify the size 
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of the time step between this range results to the 
convergence of all physical quantities. Based on the 
results obtained from the analysis of the 
convergence of the model for all simulations a mesh 
of 7519 elements with time step size of 0.01 µs has 
been used for all coupled analysis [10]. 
 
 

 
 

Fig. 6. Varied triangular mesh elements from coarse 
mesh to fine mesh. 

 
 

 
 

Fig. 7 Varied time step dt with a fine mesh  
of 5518 second order quadratic elements. 

 
 

Following the analysis of the numerical EMAT 
model, a surface defect is introduced into the model  
7 mm away from the centre of the transmitting coils. 
The defect dimension is 1mm by 1mm, the depth of 
the defect will be varied from 1 mm to 3 mm as the 
thickness of the aluminium material is 4 mm and 
extended by length to 15 mm. The analysis will be 
conducted to investigate if the EMAT model can 
detect the depth of a defect in the material. Fig. 8 
shows the introduction of the defect in the material, 
with refined mesh around the defect. The results 
shown in Fig. 9 are of different defect depths, the 
contour plot shows that the displacement is less 
where the defect is deeper. The results are 
highlighted in Fig. 10 to show that the deeper the 
depth of the defect inside the aluminium material, the 

amplitude of the displacement at the surface of the 
material decreases. The results show for a defect of 1 
mm the amplitude recorded was 1.2 µm and at defect 
of 3mm the amplitude is reduced to 0.06 μm. This 
proves that the model is able to detect changes in the 
defect depths. This also confirms the results shown in 
Fig. 9 where we notice the surface displacement 
reduced with the depth of the defect. This is due to 
the reflection caused by the depth of the defect, 
which prevents the waves from being transmitted to 
receiver freely 

 
 

 
 

Fig. 8. EMAT Structure with refined mesh around  
the defect. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 9. Contour plot of mechanical displacement  
at the surface of the material with (a) 1 mm defect depth, 

(b) 2 mm defect depth [12]. 
 
 

 
 

Fig. 10. Plot of mechanical displacement amplitude  
at deferent defect depths. 

 
 
The surface defect was further investigated to 
examine if the EMAT model would be able to detect 
if there is a change in the defect size. The defect 
width size was varied from 1 mm to 3.5 mm. Fig. 11 
shows the varied width at the surface of the material, 
the length and thickness of the aluminium material 
stays the same as the previous analysis but the 
excitation was changed from the initial excitation of a 
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2 cycle turn burst to a 7 cycle turn burst. The detector 
is placed 10 mm away from the transmitting coil 
where the surface displacement amplitude is detected 
and recorded.  
 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 11. Contour plot of size of surface defect ranging from 
1  1 mm to 1  3.5 mm. 

 
 

Results of the recorded displacement are shown in 
Fig. 12, which illustrates that the wider the defect 
size leads to an increase of the displacement at the 
surface of the material. The result obtained shows the 
reverse of the results obtained in depth detection 
shown in Fig. 10. The depth of the defect has less 
vibration at the surface of the material, however with 
the width the vibration increases, which proves the 
fact that by decreased the surface geometry of the 
material we observe more vibration at the surface of 
the material. Results shown in Fig. 12 illustrate with 
a 1 mm defect a peak displacement amplitude of   
0.36 μm was observed, while with a defect width of 
3.5 mm a displacement amplitude of 0.47 μm was 
observed, which proves the point that the wider the 
defect the stronger the vibration experienced at the 
surface of the material. 

The EMAT model was further investigated to 
analyze its capability in locating the position of the 
defect inside the aluminium material. A defect size of 
1mm by 1mm was introduced inside the material at a 
depth of 1mm in the material as shown in Fig. 13. 
Three defects were introduced at different locations; 

one was placed directly under the transmitting coil 
while the second was placed a few millimeters after 
the transmitting coil. The third was placed 
underneath the detector, 10 mm away from the 
transmitting coil. 
 
 

 
 

Fig. 12. Plot of Displacement Amplitude at different  
width of the surface defect. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 13. Contour plot of defect inside the material  
at different position. 

 
 

Results shown in Fig. 14 prove that the Model is 
capable of detecting the location of the defect in the 
material. From the Plots we can see that when the 
defect is underneath the transmitting coil we observe 
the highest mechanical displacement compared to 
when it is further away from the transmitting coil. 
Further investigation was carried out to investigate 
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the size of the defect inside the material directly 
underneath the transmitting coil. The size of the 
defect was varied from 1 mm by 1 mm to 1 mm by  
2 mm. Fig. 15 shows that the larger the defect the 
amplitude of mechanical displacement increases 
which correlates with results of the width of defect 
obtained in Fig. 13. Displacement amplitude of      
2.4 mm was observed with a defect of 1  2 mm, by 
reducing the size of the defect the amplitude reduces 
to 2.1 mm and by removing the defecting completely 
from the model, the displacement amplitude observed 
was at its lowest unit of 1.4 mm. A phase change is 
also noticed when the defect location is changed and 
when the size of the defect changes as seen in the 
figure shown below. 
 
 

 
 

Fig. 14. Plot of displacement amplitude of defect inside the 
material at different position. 

 
 

 
 

Fig. 15. Plot of displacement amplitude of different size  
of defect inside the material. 

 
 

4. Conclusion  
 

In this paper a robust finite element model to 
investigate an electromagnetic acoustic transducer 
has been shown. A comprehensive analysis on the 
coupling of the electromagnetic and mechanical 

analysis of an EMAT was conducted, which includes 
the investigation on the effect of lift of on the Lorentz 
force. The coupled EMAT model was further 
developed to investigate the mechanical displacement 
in a conductive material. The study includes 
convergence test for the variation of second order 
quadratic triangular elements, which are already 
known to be very accurate for finite element method. 
The time step size was rigorously investigated for the 
accuracy of the numerical model. Furthermore the 
EMAT model was extended to analyze the effect a 
defect has on the surface mechanical displacement, 
the analysis included the varied depth, width and 
location. Results proved the EMAT model was 
capable of detecting and characterizing the size and 
location of the defect. The peak amplitude increases 
when a defect is introduced inside the material. A 
change in the displacement is also noticed when the 
defect size is increased and when its location is 
moved away from the transmitting coil. The accuracy 
of the defect detection can be future investigated 
using the phase change to investigate how it can 
approximate the location and size of the defect. This 
model can be further developed into a 3D model to 
give a more realistic defect defection model. 
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Abstract: This paper presents the application of photodiode array for detecting laser pointing in the shooting 
simulator. The photodiodes are arranged in circular pattern similar to the conventional shooting target. To 
minimize the cost, the scanning and multiplexing techniques are employed to access the photodiode array. A 
low-cost 8-bit microcontroller system is used to calculate the shooting position, display it to the seven-segment 
display, and send the data to a computer. To overcome the problem of varying lighting conditions, an adaptive 
voltage reference is introduced. Experimental results shows that the proposed system work properly to detect the 
laser shooting in indoor and outdoor environments with the effective shooting distance of 10 to 20 meter and the 
lighting intensity below than 5000 Lux. Copyright © 2013 IFSA. 
 
Keywords: Photodiode array, Laser pointer, Shooting simulator, Shooting target, Scanning technique, 
Multiplexing technique. 
 
 
 
1. Introduction 
 

Shooting simulator is a common tool used in 
military training for shooting practices. In the 
simulator, a laser beam generated by laser pointer is 
employed to replace the bullet for shooting the target. 
A projector-camera system was developed in [1] to 
project the image on the target and detect the laser 
beam by the camera. They proposed two different 
approaches: a) single stationary camera; b) multiple 
moving camera or camera on weapon. The main 
problems of the system are to handle the geometric 
projection and the illumination changes. In [2], by 
adjusting the shutter, gain, exposure, and various 
setting of the camera, the laser beam is made brighter 
than the surrounding. There is another problem of the 
varying color for the different laser pointer sources as 
reported in [3]. They reported that the laser beam 
forms a set of rings on the target with the different 

colors. Therefore they proposed a method to use a 
specific color that always detect some of those rings 
for many types of the laser pointers. 

In our previous work [4], instead of installing a 
camera in front of the target, a camera is placed 
behind the target inside the box. This arrangement 
minimized the problem of illumination changes, 
because the light condition could be controlled inside 
the box. However it requires some adjustments of the 
camera system, and proper preparation of the target 
screen.  

A low cost solution without the need of complex 
projector-camera system was proposed in our earlier 
work [5]. The proposed system employed a 
photodiode array as the laser sensor. The photodiodes 
are arranged to form circular pattern on the shooting 
target. A microcontroller system is used to compute 
the shooting score and display it on the target box. 
This paper presents some improvements of the earlier 
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work, mainly in two folds: a) Introducing an adaptive 
threshold to work with outdoor environment (sun 
light); b) Reducing the numbers of electronic circuits 
(comparator circuits) by employing the multiplexer 
system. 

The rest of paper is organized as follows.  
Section 2 describes the details of proposed system. 
Section 3 presents the experimental results. 
Conclusions are covered in section 4. 

 
 

2. System Configuration 
 
The configuration of shooting simulator is 

illustrated in Fig. 1. The system consists of three 
main components, i.e. a shooting target, a laser 
pointer attached on the gun, and a personal computer. 
A Bluetooth communication is employed to 
communicate the shooting target with a personal 
computer. The shooting target is formed by 
photodiode array in the circular pattern, similar to the 
conventional shooting target. There are ten rings, 
where the outermost ring has the lowest score, while 
the innermost ring has the highest score. When a 
shooter aims the laser pointer to the target, a 
microcontroller system will find which photodiode is 
aimed, then calculates the score and display it to the 
scoring score (two digits seven segments display). At 
the same time, the microcontroller sends the score 
and precise position of targeted photodiode to the 
personal computer for further processes. 

 
 

Scoring 
display 

Gun equipped with a 
laser pointer 

Shooting target 

Photodiode array 

Personal 
Computer 

08

Bluetooth 
Communication 

 
 

Fig. 1. Configuration of shooting simulator. 
 
 

2.1. Photodiode Array 
 

The important issue in designing the shooting 
target is determining the diameter of circular pattern 
formed by photodiode array. From a few 

experiments, it is obtained that the diameter of 
outermost ring is 10 cm as the most effective 
dimension. Using this arrangement, the diameter of 
each ring should be 1 cm. Since 3 mm photodiode is 
used, the distance between the photodiode along the 
ring’s perimeter is made 5 mm. Therefore the number 
of photodiodes in each ring could be calculated as 
listed in Table 1. The total numbers of photodiodes 
are 360 pieces. By considering the PCB layout of the 
photodiode array and the number of electronic 
components, only the half of total photodiode is taken 
into consideration, in the sense that every two 
adjacent photodiodes are connected in parallel. Using 
this method, only 183 points (photodiodes) should be 
processed by the microcontroller system. 

 
 

Table 1. The number of photodiodes in the shooting target. 
 

Ring 
No. 

Diameter 
(cm) 

Number of 
photodiodes 
(calculation) 

Number of 
photodiodes 

(implementation) 
1. 1 6.28 5 
2. 2 12.56 11 
3. 3 18.84 18 
4. 4 25.12 22 
5. 5 31.4 30 
6. 6 37.68 38 
7. 7 43.96 48 
8. 8 50.24 56 
9. 9 56.52 62 

10. 10 62.8 70 
 
Fig. 2 shows the common circuit for detecting 

light using a photodiode. In the circuit, the 
photodiode is operated in reversed bias, thus when 
light falls into the photodiode, the current flows into 
the photodiode and drops the voltage across it. The 
values of R2 and R3 are used to determine the 
reference voltage of the comparator.  

 
 

 
 

Fig. 2. Photodiode circuit with a comparator. 
 
 
The brutal approach to detect 183 photodiodes is 

to use 183 comparators, one comparator for each 
photodiode. The effective method to reduce the 
number of comparators is by introducing a scanning 
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technique as proposed in our previous work [5]. It 
divides the photodiode array into 23 rows and  
8 columns as shown in Fig. 3. The rows are 
connected to the comparator circuits, while the 
columns are connected to the output ports of the 
microcontroller. To read the detected laser on the 
photodiodes, the microcontroller scans the columns 
and reads the comparator outputs to determine the 
detected photodiode. This method requires  
23 comparator circuits, 23 input ports of 
microcontroller, and 8 output ports of 
microcontroller. 

 
 

 
 

Fig. 3. Photodiode array 23 rows  8 columns. 
 
 
This paper improves the previous work by 

reducing the number of comparator circuits and 
introducing an adaptive voltage reference of the 
comparator circuit as discussed in the next section. 

 
 

2.2. Interfacing Module 
 
A multiplexing technique is employed to reduce 

the number of comparator circuits as shown in Fig. 4. 
Using this technique, only one comparator is required 
to read 23 rows. It is implemented using two  
16-channel analog multiplexer ICs (CD4067). To 
select the channel, six I/O ports of microcontroller 
are used: two ports for selecting the multiplexer 
device (multiplexer-1 or multiplexer-2), and four 
ports for selecting the channel (channel-1 to channel-
16). 

As shown in Fig. 4, row-1 to row-16 are 
connected to channel-1 to channel-16 of multiplexer-
1, while row-17 to row-23 are connected to channel-1 
to channel-7 of multiplexer-2. The control inputs A, 
B, C, D are used to select each channel of the 
multiplexer. The control input Inhibit is used to 
disable or enable the multiplexer. 

The comparator circuit shown in Fig. 2 uses a 
fixed reference voltage determined by the values of 
R2 and R3. The circuit has a drawback as described in 
the following. When the shooting simulator is used in 
outdoor place, the sunlight irradiates the photodiode 
and may cause the current flowing into photodiode, 
similar to the laser beam behave. In the case, the 
comparator is always ON even though there is no 
laser beam is aimed to the photodiode. 

 

 
 

Fig. 4. Multiplexer circuit. 
 
 
To overcome the drawback, the adaptive voltage 

reference is proposed as shown in Fig. 5. In the 
circuit, a reference photodiode is put in series with a 
resistor and connected to the inverting input of op-
amp. In the shooting target, the reference photodiode 
is placed near to the photodiode array. Thus, when 
the simulator is placed outdoor, the sunlight irradiates 
the photodiode array and the reference photodiode 
simultaneously. Since the resistor’s values connected 
to the two photodiode are different, then in the 
normal condition (no laser beam), the voltage on the 
non-inverting input is higher than one on the 
inverting input, and the output of comparator will be 
in the high state. The resistor’s value on the reference 
photodiode is slightly higher than the one on the 
photodiode array. This value is chosen so that when 
the laser beam falls into the photodiode array, the 
voltage on the non-inverting input is lower than the 
one on the inverting input, and the output of 
comparator is in the low state. 

 
 

2.3. Algorithm for Detecting Shooting Target 
Position  

 
The shooting target position on the circular target 

is arranged into two parts. The first part represents 
the number of ring, i.e. 1 for the innermost ring, and 
10 for the outermost ring. The shooting score is 
calculated inversely, i.e. score of 10 for ring number 
of 1, and score of 1 for ring number of 10. The 
second part represents the position along the 
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perimeter in each ring. This position does not 
contribute to the shooting score, but it is sent to the 
computer for displaying the more precise shooting 
target position as shown in Fig. 6. The numbering is 
according to the clockwise direction from the top to 
the right. For example, the number of 35 for ring 
number of 10 indicates that shooting target is on the 
bottom of outermost ring.  

 
 

 
 

Fig. 5. Adaptive voltage reference. 
 
 

 
 

Fig. 6. Target position on the computer. 
 
 

Fig. 7 shows the flowchart for detecting the 
shooting target position which is implemented on the 
ATMega8535 microcontroller system. It starts by 
scanning the photodiode array. When the laser 
pointer is detected, the position of shooting target is 
determined using a look-up table. Then the shooting 
score is calculated from the ring number obtained 
previously. This score is displayed on the seven-
segment display on the shooting target. Finally the 
score and precise position of shooting target is sent to 
the computer.  

Since the scanning and multiplexing techniques 
are employed, it is important to ensure that the 
duration of laser pointer hits the photodiode is longer 
than the scanning time of photodiode. This 
requirement is provided by employing a monostable 
circuit on the gun. It will generate one-shot pulse 
with duration of 0.1 second.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Flowchart of detection algorithm. 
 
 

4. Experimental Results 
 
To test the reliability of proposed system, several 

experiments are conducted. The experiments 
comprise four aspects: a) Characteristic of laser 
beam; b) Characteristic of photodiode; c) Shooting 
detection; d) Shooting distance. The experiment on 
characteristic of laser beam is used to measure the 
diameter (size) and intensity of laser pointer from 
several shooting distance. The laser pointer used in 
the experiment is the Sharp Ace Laser Point which is 
commonly used as pointing device in the air gun. 

Table 2 shows the measurement results of the 
laser beam intensity and size under varying distances. 
From the table, it is shown that the diameter of laser 

Start 

Scan photodiode array  
(8 cols  23 rows) 

Laser 
pointer 

detected?

Find the position of the 
shooting target from look-

up table 

Calculate the shooting 
score 

Display score to 7-
segment 

Send position and score 
to computer 

Yes 

No 
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beam is larger when the shooting distance is far. Thus 
it will decrease the shooting accuracy. 

 
 

Table 2. Measurement results of the laser beam 
intensity and size under varying shooting distances. 

 
Shooting
distance 
(Meter) 

Laser beam 
intensity (Lux) 

Laser beam size 
(mmmm) 

5 423 0.60.4 
10 347 1.40.5 
15 278 2.00.7 
20 184 2.51.0 

 
 
The experiments on photodiode’s characteristic 

are conducted by measuring the output voltages of 
the photodiode in the reverse bias under different 
lighting environments. In the measurement, the 
photodiode is connected in series with a 220 ohm 
resistor as shown in Fig. 5. Fig. 8 and Fig. 9 show the 
measurement results of the photodiode output voltage 
for indoor and outdoor environments respectively. 
From the figures, it is clear that for indoor 
environment, a fixed voltage reference could be used 
to differentiate the presence of the laser beam on the 
photodiode. However, for outdoor environment, the 
fixed reference may fail to differentiate them. 

Table 3 shows the laser detection results for 
different lighting environments. The proposed system 
is able to detect laser shooting for both indoor and 
outdoor environment. However, when the lighting 
intensity is greater than 5000 Lux, the system fails to 
detect the laser shooting. From the observation, it is 
found that the detection failure is caused by the very 
strong intensity of the sunlight. In this case, the 
output voltage of reference photodiode is almost 
zero, thus when laser hits the photodiode array, the 
output voltage of photodiode array could not be 
lower than zero. 

 
 

 
 

Fig. 8. Measurement results of the photodiode output 
voltage in indoor environment. 

 

 
 

Fig. 9. Measurement results of the photodiode output 
voltage in outdoor environment. 

 
 
Table 3. Laser detection results for different lighting 

environments. 
 

Lighting 
intensity (Lux) 

Laser 
detection 

Remark 

420 Success Indoor 
800 Success Indoor 

1000 Success Outdoor 
1500 Success Outdoor 
5000 Fail Outdoor 
10000 Fail Outdoor 

 
 
The experimental results of shooting detection for 

different shooting distances are shown in Table 4. 
The experiments are conducted in outdoor 
environment with the lighting (sunlight) intensity of 
2400 Lux. The experimental results show that the 
system is able to detect the laser shooting until the 
distance of 25 meter. 

 
 
Table 4. Laser detection results for different shooting 

distances. 
 
Shooting 
distance 
(Meter) 

Laser 
detection 

Remark 

5 Success 
10 Success 
15 Success 
20 Success 
25 Success 

Tested in outdoor 
environments with 
the lighting 
intensity of  
2400 Lux 

 
 

5. Conclusions 
 

A low-cost shooting simulator is developed. The 
laser pointer is attached on the gun for shooting the 
target. The main idea is to use the photodiode array 
for detecting the laser beam. The proposed system 
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works well under variation of lighting conditions for 
both indoor and outdoor environments. 

In future, the system is extended to the multi 
shooter. Further, the camera detection system will be 
developed for allowing the complex target scheme. 
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Abstract: Hydrogen and carbon monoxide are important fault characteristic gases dissolved in power 
transformer oil. Online monitoring their concentrations can effectively reflect the running states of power 
transformers. Pure and Pd-doped SnO2 were successfully synthesized via a simple hydrothermal synthesis 
method, and characterized by X-ray powder diffraction and field-emission scanning electron microscopy, 
respectively. Sensors were fabricated by side-heated preparation technology and their gas sensing properties 
were systematically measured towards hydrogen and carbon monoxide. The Pd-doped SnO2 gas sensor exhibits 
excellent gas sensing performances, such as lower working temperature, higher gas response, rapid response and 
recovery time, than those of pure SnO2 gas sensor. Finally, a first principles calculation was conducted and the 
mechanism of the gas sensing process was discussed in detail. Such results make the sensor a promise candidate 
for hydrogen and carbon monoxide online detection. Copyright © 2013 IFSA. 
 
Keywords: Tin oxide, Gas sensor, Hydrogen and carbon monoxide, Transformer oil, First principles. 
 
 
 
1. Introduction  
 

As one of the most important electric devices, 
power transformer plays a quite significant role in 
electric power transmission [1]. And its operational 
status directly affects the safety and reliability of the 
whole power system [2]. At present, a large number 
of power transformers are still in oil-paper insulation 
mode, and there exist some unavoidable insulating 
defects in transformer design, manufacturer, 
installation and operation [3]. Once internal 
insulation faults happened on transformer, it would 
generate some low hydrocarbons, hydrogen, carbon 
monoxide, carbon dioxide and so on, and most of 
them dissolved in transfer oil [4]. Hydrogen (H2) and 

carbon monoxide (CO) are two kinds of the most 
important fault characteristic gases, and online 
monitoring their concentrations and generation rates 
with high precision is prerequisite and foundation for 
power transformer incipient fault diagnosis. 

Gas sensing technology is at the core of online 
detecting H2 and CO dissolved in transformer oil. 
Recently, many gas sensing technologies are used to 
detect gases dissolved in transformer oil, such as 
semiconductor gas sensor [6], gas chromatograph [7], 
photoacoustic spectrometry [8], Raman spectrometry 
[9], and so on. Gas chromatography is mainly used as 
offline experiment, and photoacoustic spectrometry 
or Raman spectroscopy is only in the stage of 
laboratory study and has a long way for practical 
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application. Among all semiconductor gas sensing 
materials [10, 11], SnO2 has gained great attention 
and widely used for gas detecting with the 
advantages of simple fabrication process, low 
maintenance cost, rapid response and recovery time, 
etc [12]. However there still exist some weaknesses 
for SnO2-based gas sensor on-line monitoring H2 and 
CO dissolved in power transformer, for instance, 
higher operating temperature and lower gas response. 
Meanwhile, its gas sensing mechanism is in 
controversial and lack detail understandings.  

In this paper, pure and Pd-doped nano-SnO2 
sensing samples were successfully synthesized with a 
simple and convenient hydrothermal method.  
X-ray powder diffraction (XRD) and field-emission 
scanning electron microscopy (FESEM) were used to 
characterize the prepared samples. The gas sensor 
was fabricated by a side-heated preparation route and 
its gas sensing properties were measured by an 
intelligent gas sensitive analysis system. Particularly, 
we mainly focused on the gas sensing properties of 
the prepared sensors towards H2 and CO. 
Furthermore, on the basis of the density functional 
theory (DFT) and the first principles calculation an 
atomic level understanding of its gas sensing 
mechanism were investigated. 

 
 

2. Experimental  
 

2.1. Material Synthesis and Characterization 
 
Sensing material was synthesized with the 

hydrothermal method. All the chemical reagents 
(analytical grade) were purchased from Beijing 
Chemicals Co. Ltd. In a typical synthesis process, 
0.72 g of NaOH, 1.97 g of SnCl4·5H2O, 0.06 g of 
noble metal salt PdCl2·2H2O, 30 mL absolute ethanol 
and 30 mL distilled water were mixed together with 
intense magnetic stirring. The mass ratio of total 
metallic ions added was estimated in a molar ratio of 
5 wt%. After magnetic stirring about 60 min the 
reaction mixtures were transferred into a 100 mL 
Teflon autoclave. The vessel was sealed and then 
heated at 180 °C for 24 h in an electric furnace. The 
autoclave was then cooled to room temperature 
naturally. The products were centrifuged, and then 
washed with distilled water and absolute ethanol 
several times, respectively. Finally, the products were 
dried at 60 °C in air for further use. 

The crystal structures and compositions of the 
prepared samples were performed using XRD 
(BDX3200, China) at the 2θ range of 20–80 ° with 
steps of 0.02 °, and Cu Kα1 as the source of X-ray at 
40 kV and 40 mA with λ = 1.5406 Å. Surface 
morphologies for both pure SnO2 and Pd doped SnO2 
samples were characterized by FESEM (Nova 400 
Nano SEM). 

 
 

 

2.2. Sensor Fabrication and Measurement  
 
The gas sensor was fabricated by a side-heated 

preparation process. The structure of the prepared 
sensor is shown in Fig. 1. The samples synthesized 
above were further ground into fine powders, and 
then mixed with diethanolamine and ethanol to form 
a paste. The paste was coated on a ceramic tube 
where a pair of Au electrodes had previously printed, 
and then a Ni-Cr heating wire was inserted into the 
tube to form a side-heated gas sensor.  

The gas sensing properties were measured by a 
CGS-8 (Chemical gas sensor-8) intelligent gas 
sensing analysis system (Beijing Elite Tech Co., Ltd., 
China). The sensors were pre-heated at different 
operating temperatures in N2. When the resistances of 
all sensors were stable, target gas was injected into 
the test chamber (20 L in volume). Target gas was 
mixed with high pure nitrogen using a computer 
controlled automatic gas distribution system 
RCS2000-A (Beijing King-Sun Electronics Co., Ltd., 
China). Electrical resistance, gas response, ambient 
temperature and humidity values were recorded 
timely and automatically by the intelligent gas 
sensing analysis system.  

The gas response S = (R0-R)/R0 was defined as 
relative variation of the sensor electrical resistance, 
where R0 and R were the sensor resistance value in 
N2 (base resistance) and in targeted gas, respectively. 
Response time and recovery time were defined as the 
required time for the sensor reaching 90 % of the 
maximum response when gas in and 10 % when gas 
out. All measurements were repeated several times in 
order to ensure the reproducibility. 

 
 

Ceramic tube

Ni-Cr heater

Sensing materials

Au electrode

Base structure

(a)

(b)

 
 

Fig. 1. Schematic diagram of (a) alumina tube,  
and (b) gas sensor. 
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2.3. Calculation Methods 
 

The first principles calculations were performed 
using the CASTEP code with the framework of 
density functional theory [14]. Exchange-correlation 
function between electrons was described by 
Generalized Gradient Approximation with the form 
of Revised- Perdew-Burke-Ernzerhof [16]. 
Interaction between nuclei and electrons was 
approximated with ultra-soft pseudo-potential [17]. 
The cut-off energy was set at 380 eV to ensure the 
energy convergence within 1-2 meV/atom. The 
maximum root-mean-square convergent tolerance 
was 1.010-6 eV/atom. In the whole process of 
geometry optimization and energy calculation, all 
atoms were allowed to relax in all directions freely. 
 
 
3. Results and Discussion 
 
3.1. Structural Characterization 

 
Fig. 2 shows the XRD patterns of prepared pure 

and Pd-doped SnO2 samples. As seen in Fig. 2 the 
prominent peaks (110), (101), (211) and other smaller 
peaks are highly consistent with the standard data file 
of rutile SnO2 (JCPDS file no. 41-1445). No other 
doping diffraction peaks were observed. The relative 
intensity of SnO2 diffraction peaks decreased and the 
full width at half maximum increased after Pd 
doping. Thus, an appropriate amount of Pd ions 
doped in nano-SnO2 effectively inhibits the crystallite 
growth of the SnO2 samples. 
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Fig. 2. XRD patterns of pure and Pd-doped SnO2. 
 
 

The morphologies of pure and Pd-doped SnO2 
products are characterized by FESEM as shown in 
Fig. 3. It can be clearly seen that both pure and  
Pd-doped SnO2 crystal particles are uniform in size 
and shape. They are nearly spherical structure with a 
diameter of 300-500 nm. The micro morphological 
structures of the SnO2 samples before and after 
doping are almost similar, which indicates that 
doping rare noble metallic ion Pd2+ only has a slight 
impact on the morphologies of pure SnO2 samples. 

3.2. Gas Sensing Properties 
 

From the point that a moderate amount of noble 
metal ions doped in sensitive material can improve its 
sensing performances, we firstly present the electric 
resistance properties of pure and Pd-doped nano-
SnO2 based sensors as a function of the operating 
temperature in Fig. 4. One can clearly see that both 
the electric resistance values of pure and Pd-doped 
nano-SnO2 based sensors decrease with working 
temperature increasing. And after doping, the 
resistance value of the gas sensor decreases, which 
means the conductivity of the sensor increases. 

 
 

  
 

Fig. 3. FESEM images of pure (a) and Pd-doped (b) SnO2. 
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Fig. 4. Electric resistance properties of the SnO2  
based sensors. 

 
 

Fig. 5 shows the electron density of states (DOS) 
of SnO2 (110) surface before and after Pd2+ doping 
[12, 14], where Sn5c or Sn6c was substituted by Pd 
atom partially. As seen in Fig. 5 the DOS of SnO2 
(110) surface shift downward somewhat, the band 
gap narrowed and some new doping levels (surface 
states) appeared near the Fermi level. These promote 
electron transfer between conduction band and 
valence band, and ultimately increase the electrical 
conductivity of the gas sensor. 

The gas responses of pure and Pd-doped nano-
SnO2 based sensors against 60 µL/L of H2 and CO 
were measured at different operating temperature to 
find out the optimum working temperature. As shown 
in Fig. 6 a similar tendency was found in the gas 
response curves. The gas response increased and 
reached its maximum, and then decreased with the 

2 um 
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operating temperature increasing. The optimum 
operating temperature of the prepared SnO2 based 
sensor before and after doping for H2 were about 400 
and 360 °C, with gas response 38.53 and 60.48, 
respectively. And it was suggested about 360 and  
320 °C for CO, with response 13.51 and 23.28. These 
indicate Pd doping reduces the optimum operating 
temperature, and meanwhile increases the gas 
response. 
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Fig. 5. DOS of SnO2 (110) surface before and after  
Pd doping. 
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Fig. 6. Gas response of the sensor to different operating 

temperature. 
 
 

Fig. 7 shows the gas responses of prepared sensors 
versus gas concentration with gas sensors working at 
their optimum operating temperatures. As see in Fig. 
7 it has an excellent discrimination between H2 and 
CO after Pd doping, which means that the prepared 
sensor can further reduce the cross sensitization 
among H2 and CO. Moreover the gas response and 
concentration meet a quasi-linear relationship, which 
indicates prepared sensor could be applied to online 
monitor H2 and CO in practice.  

The response and recovery property of prepared 
sensor to 10 µL/L of H2 and CO were tested as 
shown in Fig. 8. The response times for 10 µL/L of 
H2 and CO are suggested to be about 3 and 4 s, 
correspondingly the recovery times are 10 and 8 s, 
respectively. Such a rapid response-recovery property 
could be attributed to the doping effect of the noble 

metal. Pd2+ ions doped in SnO2 provide some new 
active points, which accelerated the adsorption and 
desorption process. 
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Fig. 7. Gas response of the sensor to different  
gas concentration. 

 
 

3.3. Gas Sensing Mechanism 
 

As the results measured above Pd doping improve 
the gas sensing properties of prepared nano-SnO2 

based sensor to H2 and CO, while its gas sensing 
mechanism remains unclear and controversial. 
Therefore, based on the first principles calculation we 
further go insight into its gas sensing mechanism. 

As all known SnO2 is a typical n-type 
semiconductor sensing material and its gas sensing 
properties was mainly determined by the surface  
[18-20]. When placed in a gas ambient with certain 
concentration, gas molecules adsorbed on SnO2 
surface firstly, and then the resistance or conductance 
of SnO2 would be modified [21-23].  
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Fig. 8. Response and recovery characteristics of the sensor 
to 10 µL/L H2 and CO. 

 
It is known to all that rutile SnO2 crystal has four 

major low index surfaces, which are (110), (101), 
(100) and (001) surface [12, 14]. The (110) surface is 
the most thermodynamically stable surface, and has 
been widely used to investigate the surface properties 
of SnO2 [14]. Therefore, theoretical calculations 
mainly focused on the SnO2 (110) surface to discuss 
its gas sensing mechanism. 
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Rutile SnO2 unit cell model was built by CASTEP 
code with lattice parameters a=4.737 and c=3.186 Å 
in this paper. We firstly calculated the adsorption 
energy (Eads) [14], an important parameter to 
determine where is the most energetically stable 
adsorption position. The Eads is defined as: 

 
Eads = Esurf + Egas– Egas+surf , 

 
where Esurf is the energy of SnO2 (110) surface before 
adsorption, Egas is the energy of free gas molecule 
and Egas+surf as the total energy of the adsorption 
system after gas adsorbed on SnO2 surface. As 
reported in our previous work [14] O2c and Sn5c is the 
best adsorption site for H2 and CO, separately. In this 
work we mainly calculated the adsorption energy of 
H2 adsorbed on SnO2 (110) surface with H atom end 
to O2c, and CO with C atom end to Sn5c. 

Table 1 represents the Eads of H2 and CO 
adsorbed on SnO2 (110) surface before and after Pd 
doping. According to the definition of Eads, a 
positive adsorption energy indicates an exothermic 
process. The bigger the adsorption energy is, the 
greater the excitation chance of the gas molecule 
electrons is. After Pd doping the Eads value becomes 
larger, which makes a qualitative explanation for the 
optimum operating temperature property measured 
above.  

 
 

Table 1. Adsorption energy of H2 and CO 
on SnO2 (110) surface. 

 
Adsorption energy 

Eads/eV 
H2-O2c CO-Sn5c 

Pristine SnO2 (110)  0.031 0.042 
Pd-doped SnO2 (110)  0.048 0.071 
 
 
Further research can be performed by 

investigating the DOS of H2 and CO before and after 
adsorption. As seen in Fig. 9 that the DOS of H2 and 
CO adsorbed on undoped SnO2 (110) surface change 
slightly, which reflects a very weak interaction 
between gas molecular and SnO2 (110) surface. 
However, the DOS of H2 obviously separates into 
several electronic peaks after H2 adsorption on Pd-
doped SnO2 (110) surface. The DOS of CO changes 
apparently, the 5 orbits are completely degenerated 
and the 4 orbits are almost cut to a half. Those 
changes indicate a strong interaction between gas 
molecular and Pd-doped SnO2 (110) surface. 

Finally, we calculated the Mulliken population 
and charge transfer of H2 and CO. Table 2. lists the 
Mullikan population of H2 and CO before and after 
adsorption. One can clearly see that the number of 
lost electrons from H2 and CO adsorbed on Pd doped 
SnO2 (110) surface is 0.23e and 0.17e, respectively, 
which is much larger than that adsorbed on pristine 
(110) surface. Lost electrons from adsorbed gas 
molecule are received by SnO2 (110) surface, it 
increases the density of charge carriers in the SnO2 

gas sensor and ultimately results in an increase of 
output voltage observed in the intelligent gas sensing 
analysis system. 
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Fig. 9. Density of states of H2 and CO before  
and after adsorption. 

 
 

Table 2. The Mulliken population of H2 and CO  
before and after adsorption. 

 
Mulliken population   s p Total 

Free H2 H 1.24 0.06 1.30 
H2- pristine SnO2 (110) H 1.2 0.02 1.22 
H2-Pd doped SnO2 (110) H 1.05 0.02 1.07 

C 1.68 1.90 
Free CO 

O 1.84 4.58 
10.0 

C 1.51 2.16 
CO- pristine SnO2 (110) 

O 1.83 4.44 
9.94 

C 1.41 2.18 CO-Pd doped SnO2 

(110) O 1.82 4.42 
9.83 

 
 
4. Conclusions 
 

Pure and Pd-doped SnO2-based sensors were 
successfully prepared with the hydrothermal 
synthesis method and side-heated preparation process. 
H2 and CO detection characterizations were 
systematically measured and presented. After Pd 
doping the optimum operating temperatures of the 
sensor decline to 360 and 320 °C for 60 µL/L of H2 
and CO, with gas response rising to 60.48 and 23.28, 
respectively. These indicate that Pd doping can 
effectively lower sensor power consumption with 
increasing gas responses.  

Furthermore, a theoretical calculation based on the 
first principles was conducted. Calculations provide 
us some insight into the sensing mechanism. When 
adsorbed on Pd doped surface, the DOS of H2 
separates into several electronic peaks near the Fermi 
level, and the 5 orbits of CO are completely 
degenerated and its 4 orbits nearly cut to a half. Pd 
doping promotes charge transfer between gas 
molecule and sensing material, which increase the 
number of charge carriers and improve their gas 
sensing performances. 
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Abstract: To improve the node localization efficiency for wireless sensor networks and solve the problem of 
data transmission, reduce localization cost, analyzed existing node localization algorithm, ensure that one of the 
core technology for wireless sensor network performance. In this paper, the wireless sensor network node self 
location and routing protocols of problem to make discuss, put forward a kind of three-dimensional node 
localization algorithm. This algorithm approximates the node's wireless range as a cube. Finding the cube where 
an unknown nodes in by the beacon nodes around an unknown nodes, simply using the center of the cube as the 
estimated location of unknown nodes. This algorithm is simple and the traffic is small, just adapting to a limited 
energy three-dimensional sensor networks. Copyright © 2013 IFSA. 
 
Keywords: Node localization, Wireless sensor network, Data transmission, Routing protocols, Three-
dimensional. 
 
 
 
1. Introduction 
 

At present, have been proposed by most of the 
wireless sensor network node localization algorithm 
for two dimensional node distributions. But in the 
application of wireless sensor network node is 
generally not possible under absolute two-
dimensional plane, these nodes are often distributed 
in a three-dimensional space [1]. For example, use in 
environmental monitoring, smart dust networks, each 
sensor node placed in different directions or 
suspended in the atmosphere, pressure, temperature 
and humidity of the different positions of the 
detection space; In health monitoring, in different 
populations and in different parts of the human body 
temperature, pulse and placed the node to detect 
human activities [2]; Marine monitoring, be placed at 

different depths under the sea level nodes such as 
water temperature, ocean currents and biological 
activity detection. 

Therefore, as these nodes in the three-dimensional 
space what the corresponding node three-dimensional 
positioning algorithm [3]. But the current node 
localization basically stay in the two-dimensional 
plane localization algorithm research and analysis, 
face this kind of situation, the sensor node 
localization problem urgent to be solved. Because of 
the above characteristics, three-dimensional space 
localization algorithm on location environment 
influence, and the two-dimensional plane positioning 
algorithm focuses on ideal condition analysis. Due to 
the three-dimensional space localization of higher 
complexity is two-dimensional, three-dimensional 
space localization research would be more in line 
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with the actual application of distributed nodes, low 
computational complexity method for three-
dimensional positioning of a two-dimensional 
approach will be more practical and potential 
development. 

 
 

2. Existing Research Results 
 
Wireless sensor networks are still being studied 

and the application phase [4], so far there are many to 
be studied and improved technology. The positioning 
technology of the sensor nodes is one of them. Node 
localization technique is the basis of most 
applications of wireless sensor networks [5]. 
According to the characteristics of wireless sensor 
networks Energy Limited, range-free node 
localization algorithm of eliminating the measuring 
steps, both in hardware and software are saving 
energy [6]. At present the range-free localization 
algorithm has a lot of, University of Southern 
California's Nirupama Bulusu proposed centroid 
algorithm [7], the principle of the algorithm is 
composed of beacon nodes spaced to the neighbour 
node broadcasts a beacon signal, and signal contains 
its own ID and position information. When the 
unknown node receives beacon signal exceeds a 
threshold number or receiving over a certain time, the 
node will these beacon node formed by polygon 
centroid as their position estimation [8]. 
 
 
3. Localization Algorithm 
 
3.1. Algorithm Description 
 

In wireless sensor networks, each node has the RF 
transmitter and receiver. Assume that the node 
communication radius r>0 ideally, the 
communication range of a node S in the three-
dimensional space is the node for the Globe, and 
Anchor ball of radius, shown in Fig. 1. Diagram of 
node S communication range ball SP to express, that 
is to say the node S to and in communication range 
SP all nodes within the communication. If the known 
and unknown node communication within an N 
anchor node [9], the unknown node must in this N 
anchor node anchor ball overlapped area, can use the 
overlapping regions of the centroid as the unknown 
node position estimation. However, the anchor ball 
overlapped area must by solving the complex 
analytic equation to get, because the sensor nodes 
with limited energy, whether calculating or 
communication ability is limited [10-1], so in this 
energy limited equipment to quickly get the equation 
solution more difficult. Therefore, there will be a 
communication range is approximately an inscribed 
in the sphere of the cube, the cube graph with CU, 
and assuming that the cube perimeter in network 

coordinate system axis X, Y, Z axis parallel to the 
axis. 

 
 

 
 

Fig. 1. Node S approximate communication range. 
 
 

Assume that the entire three-dimensional network 
is the region of a cube P = [0, b] × [0, b] × [0, b], then 
the projection in the XY plane is a square region  
Q = [0, b] × [0, b]. Let n be an integer greater than 0, 
the Q average is divided into 2n equal units, Each 
unit can use the logarithm of (x, y) its coordinates, 
where x, y ∈ {1, 2, n, L}. Unknown nodes only need 
to find it in the unit can be. According to the 
assumptions of the previous communication range, 
the communication range of each node is the side 
length of a square projection in the XY plane. 

According to the N in the XY plane location 
estimation, empathy can be YZ plane N location 
estimation, combined in the 3-D case, N position is 
estimated to be in the cuboids. 

 

 maxmax ,N x d f    

   max minmax , , min ,y d k y d k    

   max minmax , ,min ,z d k z d k     

 
To obtain the unknown node N where the unit is 

greater than 1 case, all cells in the center of the unit 
can be used as the approximation of the unknown 
node location of the cell coordinates of the unknown 
node N. 
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As the number of segments chosen by the 
algorithm is based on the number of cell coordinates 

decision, a cell not the probability of collision is
12N 
, 

so the number of segments to meet the binomial 
distribution: 
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To (3) into (4), the algorithm can get the number 

of cell: 
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In this paper, the communication range of beacon 

nodes is approximate to the neighboring parallel to 
the axis of the cube, cube to calculate the unknown 
node communication through multiple neighbor 
beacon node intersection the unknown node position 
estimation, this method is much smaller compared 
with the natural sphere intersection calculation needs. 
This algorithm only involves the addition, subtraction, 
division, the minimum and maximum values of 
simple operation, does not need to solve the 
equations, such as the type 5 is shown. Obviously, 
the communication range approximation 

Methods for the cube parallel to the coordinate 
axes can greatly reduce the complexity of algorithm. 
In the three-dimensional space coordinates, three-
dimensional, one-dimensional than two-dimensional, 
so the computational complexity with respect to the 
two-dimensional growth of at least 1/4, which was 
sensor nodes with limited energy, has brought a lot of 
burden, so choose the complexity of the algorithm is 
small the method is particularly important. The 
algorithm is based on this point, based on 3D 
algorithm for minimum two-dimensional, be 
extended to three-dimensional, to ensure the 
positioning of minimal energy consumption for. 
 
 
3.2. Algorithm Process 

 
Let N be a three-dimensional space in area P of 

any unknown node, the N positioning requires the 
following steps: 

1) Initialization positioning estimation, for the 
unknown node area. The initial value is the entire 
region of space three-dimensional network. 

2) Each node sends a query information, all of the 
beacon node response (1, x, y, z ), ( x, y, Z here ) is it 

is unit coordinates, and the unknown node responded 
(0,0,0,0). 

3) When all of the response is received or when 
the response is received over a certain threshold 
value positioning stop, the unknown node position 
estimate is stopped when the, can further to centroid 
as the unknown node is estimated position 
coordinates. 

From the above algorithm, can also see algorithm 
has the advantages of simple process, simple 
calculation. 

 
 

4. Simulation and Performance Analysis 
 
Assuming that the network area of 100  100  

100 m3 cube, random in a three-dimensional region 
of the deployment of a 200 node, the 200 node 
selecting anchor node, let the anchor nodes uniformly 
distributed in the entire network area in. In order to 
investigate the performance of the anchor node 
localization algorithm with proportional relationship, 
in the simulation, the numbers of anchor nodes were: 
4, 16, 28, 37, 46, 58, 64, 80, 120, 145. Equivalent to 
the anchor node ratio from 2 % to 31 %, gradual 
change, Fig. 2 were shown for the anchor node is 145 
in four cases, the entire network node distribution. 
Diagram of hollow circular represents the unknown 
node; a solid circle represents the anchor node. 

On the one hand to change the ratio of anchor 
nodes, on the other hand, by changing the 
communication radius r to change the network 
connectivity, location algorithm performance 
simulation. This review focuses on two performance 
indicators, relative positioning error and positioning 
ratio has made research and analysis. 
 
 

 
 

Fig. 2. Beacon node. 
 
 

Using network model given above, by changing 
the proportion of anchor node and communication 
radius to observe the change of the relative position 
error. As shown in Fig. 3, the abscissa indicates the 
proportion of anchor node; the ordinate represents the 
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relative positioning error. Since the relative 
positioning error is the ratio of the actual error with 
the communication radius r, so the relative 
positioning error can be used several times r. The 
proportion of an anchor node is taken as the discrete 
values of 3.73 %, 4 %, 12 %, 12 %, and 25 %. Fig. 3 
curve, respectively, said communication radius  
r = 25 m, r = 45 m, r = 55 m, the case, as the increase 
in the proportion of the anchor node, relative 
positioning error changes. 

Relative positioning error gradually reduced with 
the increase in the proportion of the anchor node, 
known node density is greater than 35 %, the relative 
positioning error is relatively stable, and its value 
little change can be seen from the simulation of  
figure. When the proportion of the anchor node is 
greater than 35 %, less than 50 % of the relative 
positioning error, the relative error is relatively stable, 
little change in the value of. Usually the case that 
when positioning error is less than 50 % of the radius 
of the sensor nodes in wireless communications, 
positioning errors on routing performance and target 
tracking accuracy will not be great, so positioning 
accuracy to meet the performance requirements. In 
addition, the when anchor nodes smaller proportion, 
the greater the communication radius, the smaller the 
relative positioning error; larger communication 
radius when anchor nodes larger proportion when 
instead the relative positioning, the greater the error. 

 
 

 
 

Fig. 3. Relative positioning error and anchor node 
proportion relation curve. 

 
 

5. Conclusions 
 

This paper discusses the 3D Node Localization 
for wireless sensor networks and characteristics of 
the current research on the basis of the development 
put forward a kind of 3D positioning algorithm. The 
algorithm is improved based on the two-dimensional, 
extended to three-dimensional space. The algorithm 
through an unknown node communication within the 
scope of anchor nodes to determine the unknown 
node where the cube area, location range-free based 

solely on the connectivity of the network, and the 
algorithm contains the calculation for simple 
calculations, which has small calculation quantity, 
small amount of communication, method features 
simple, suitable for Wireless Sensor Networks energy 
limited. From the localization process, the algorithm 
steps are rarely, also demonstrates the algorithm is 
simple, easy to implement. Through computer 
simulation, the algorithm first positioning high ratio, 
relative positioning error than the distance based 
localization algorithm, but still can basically meet the 
requirements of network. 
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Abstract: To improve the time synchronization energy efficiency for wireless sensor networks and solve the 
problem of network overhead, reduce energy cost, analyzed existing time synchronization algorithm, ensure that 
one of the core technology for wireless sensor network performance. In this paper, according to the number of 
nodes in wireless sensor network increases, network overhead of the traditional reference broadcast 
synchronization algorithm for very large problems, proposed an energy efficient wireless sensor network 
reference broadcast time synchronization algorithm. Firstly, only non-adjacent two of the receiving node in the 
plurality of reference conditions of the broadcast message and the average phase deviation and phase deviation 
of the calculated maximum a posteriori estimation; followed by least squares linear regression method the 
periodic fit clock skew, the synchronization process is completed. The algorithm in synchronization accuracy 
achieved some improvements, at the same time, effectively reducing the energy consumption of the network. 
Copyright © 2013 IFSA. 
 
Keywords: Time synchronization, Wireless sensor network, Internet of things, delay, Synchronization control.  
 
 
 
1. Introduction 
 

Internet of Things (The Internet of things) is 
defined as: The radio frequency identification 
(RFID), infrared sensors [1], global positioning 
systems, laser scanners and other information 
sensing device, according to the agreement agreed to 
anything connected to the Internet, the information 
exchange and communication, in order to achieve 
intelligent identify, locate, track, monitor and 
manage a network. 

There are four components of the basic workflow 
of things, that namely the information acquisition 
system (RFID system), PML Information Server, the 
product name server (ONS) and application 
management system. Underlying network 
information by RFID (Radio Frequency 

Identification), WSNs, wireless LAN network 
technology acquisition barter and transfer to the 
smart aggregation gateway through intelligent 
aggregation gateway access to the network 
integration system, and finally including radio and 
television, Internet, telecommunications network and 
other network way to reach the end-user applications. 
At the same time, the end user can affect the 
underlying network subjective behavior for different 
applications, in order to achieve things together 
information exchange between persons and things, 
things and things and things and people. 

Distribution of the underlying network including 
WSNs, RFID, wirelesses LAN, heterogeneous 
networks [2-3], the perception of the objects on the 
external physical environment through a 
heterogeneous network of information exchange, 
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allows the system to identify the materials properties 
as well as information collection and capture. From 
the network functional point of view, the underlying 
network should have the dual function of the 
information collection and routing, while the 
underlying heterogeneous networks need to 
collaborate with each other to accomplish a specific 
task. Converged gateway access to complete 
information collected by the underlying network is a 
smooth access to the transmission network access 
technologies including coaxial cable, twisted pair 
and fiber optic cable access as well as ZigBee, 
Bluetooth , Wi-Fi, 4G and satellite communications, 
wireless access. Intelligent aggregation gateway 
usually has a powerful storage, processing and 
communication capabilities, the key are down in 
conjunction with the underlying network up smooth 
integration of network access. The optimize network 
system includes radio and television networks, the 
Internet and telecommunications network converged 
networks, mainly to complete the long-distance 
transmission of information. 

Time synchronization as a core support 
technology of wireless sensor networks [4], in the 
multi-sensor data fusion node data processing, plays 
a key role in the design of low-power MAC protocol 
[5], ranging positioning security and other aspects. 
According to the synchronization mechanism, the 
existing algorithms can be roughly divided into four 
categories: 

1) Based on the receiving side - the receiving end 
of the synchronization algorithm, RBS [6] (Reference 
Broadcast Synchronization) and Bio-inspired Time 
Synchronization Algorithm [7] belong to such a 
synchronization mechanism, which is characterized 
by the error sources are mainly concentrated in the 
reception node between the processing time 
synchronization accuracy is higher; 

2) Based on the transmission side - the receiving 
end of a one-way synchronization algorithm ,flooding 
Time Synchronization Protocol, [8] and Delay 
Measurement Time Synchronization [9] belong to 
such a synchronization mechanism, which is 
characterized by low-traffic, energy and efficient, 
enabling the whole network synchronization; 

3) Two-way synchronization algorithm, Timing-
sync Protocol for Sensor Networks [10] and Tiny-
sync/Mini-sync [11] belong to this synchronization 
mechanism, which is characterized in can not ignore 
the propagation delay of the application 
environments usually used for synchronization 
mechanism of this type, but only the instantaneous 
phase deviation synchronization; 

4) Based on a variety of mechanisms of mutual 
integration of synchronization algorithm [12] and 
[13] proposed algorithm is such a synchronization 
mechanism, which is characterized by a faster 
convergence speed and lower energy consumption, 
but for the more large-scale network synchronization 
accuracy and energy consumption there is a big 
uncertainty. 

Based on the analysis of the above algorithms, 
this paper proposes energy efficient reference 
broadcast synchronization algorithm, namely TSBS. 
The algorithm first only to no two adjacent receiving 
nodes in multiple reference broadcast message 
conditions averaging phase deviation and phase 
deviation, calculated the maximum a posteriori 
estimation; and then the least square linear regression 
method of periodic fitting clock offset, so as to 
complete the synchronization process. 

 
 

2. Time Synchronization Algorithm 
 
2.1. Analysis of RBS Algorithm 

 
Reference broadcast synchronization algorithm 

makes use of the broadcast nature of the wireless 
channel, a plurality of reference radio 
synchronization message is sent on the transmit side, 
and the message does not include a timestamp, the 
reception node to each other by calculating the 
received time synchronization message the local time 
difference to adjust its time, in order to achieve 
synchronization. 

First, the formula (1) gives the formula for 
calculating the propagation time delay. 

 

e
e

LE
DL

VT


,

 (1) 

 
where 

eDL  is the propagation delay, LE is channel 

length, 
eVT  is the velocity of propagation of 

electromagnetic wave in the channel. Because the 
velocity of electromagnetic wave in free space is 
approximately equal to the speed of light, so the time 
error caused by the propagation time delay of about 
tens of nanoseconds can be ignored. The main error 
sources in reference broadcast synchronization 
algorithm focused on the receiving end of time delay, 
its biggest characteristic is to eliminate the reference 
broadcast messages from the sending node to send 
time critical path between the receiving node delay 
and access delay. The receiving end time delay phase 
deviation and algorithm overhead is analyzed, which 
lays the foundation for further research. 

Secondly, J. Elson et al to reference information 
in the received through experimental proof, the 
receiving end of phase deviation between any two 
nodes of the local time difference with μ= 0, σ =11.1 
Gauss distribution. In this paper, using the best fitting 
parameters of wireless sensor network experiment 
system based on ZigBee prove phase deviation:  
μ= 0.124, σ =12.123, the experimental data of the 
data and J. Elson et al are very close. This conclusion 
by mathematical method to estimate has important 
theoretical significance to improve the precision of 
synchronization phase deviation. 
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Finally, in the n node is composed of single jump 
range in wireless sensor network, in the 
implementation of the reference broadcast 
synchronization algorithm, a reference news a 
sending node sends, the whole network needs at least 
n message exchange. For wireless sensor network of 
n nodes and m reference news, the complexity of 
reference broadcast synchronization algorithm for 

2( )O mn , i.e. for each reference news, each receiving 

node can exchange the reference information and 
other n-2 nodes. Therefore, the reference broadcast 
synchronization algorithm with high complexity, 
high cost of network. 

 
 

2.2. TSBS Algorithm  
 
According to the statistical characteristics of RBS 

algorithm with the phase deviation and existing 
network overhead problem [13], TSBS algorithm is 
divided into two parts to achieve the nodes in the 
network time synchronization. The first part of the 
message transmission delay uncertainty phase 
deviation is estimated; the second part is to estimate 
the frequency offset is determined by nodes within 
the crystal, known as the clock drift estimation. 

In the network there have N+1 nodes, the sending 
node sends each message reference, RBS algorithm 
requires each node of the local time of the message 
exchange with the remaining N nodes, calculate the 
difference between the local time difference. In this 
case, with the increase in the increase of the number 
of nodes and a transmission The broadcast message, 
the entire algorithm statement will be executed 
repeatedly frequency and highly increase the 
complexity of the algorithm will be multiplied by the 
square-order velocity growth, bring to the network 
representing large burden. Fig. 1 also in 3 receiving 
node for example shows the TSBS algorithm on the 
basic idea of phase deviation estimation: at the 
receiving end up each node and receiving node 
within the network of any other exchange Reference 
News method, replace sb. Is only for nodes are not 
adjacent to the exchange of reference news, the 
calculation is not adjacent to the receiving node to 
receive the average value of a plurality of reference 
news, local time difference, which is net of any  
2 nonadjacent phase deviation receiving nodes; 
estimation method using mathematical calculations to 
estimate the all phase deviation value; Estimation 
method using mathematical calculations to estimate 
the all phase deviation value, the estimated value of 
local time adjusting all nodes. The specific 
implementation steps: 

Step1. That a receivers in adjacent position 
between the serial numbers; 

Steip2. Sending nodes send q reference news 
broadcast packets; 

Step3. That a receiving node according to its local 
clock records reference broadcast packet arrival time; 

Step4. Each receiving node p calculation in the q 
reference broadcast packet condition itself and not 
the adjacent node q local time difference between the 
average value is two, the phase deviation is not 
between adjacent nodes; 

Step5. Computing network all arbitrary not 
adjacent phase deviation of two receiving nodes; 

Step6. Using the maximum a posteriori estimation 
method to compute an estimate of the value of all 
phase deviation, the estimated value of local time 
adjusting all nodes within the network, realize the 
synchronization between nodes. 

For step 4, 6 instructions: 
1) n step 4, the formula (2) phase deviation two 

not adjacent nodes are calculated. Among them, a 
and B respectively represent two not adjacent to the 
receiving node number, and a  p, b  p, Ta,k 
represents the receiving node a receives a reference 
packet k record of the local time; q indicates the 
number of the sending node reference news 
broadcasting;  represents two not adjacent nodes 
exchange q reference news the phase deviation.  

 
 

 
 

Fig. 1. TSBS algorithm phase error estimator. 
 
 

2) I step 6, has already been derived through the 
simulation results show that phase deviation φ 
between each receiving node in line with μ= 0. 054,  
σ = 11.357 Gaussian distribution, so a maximum a 
posteriori estimation method to estimate the phase 
deviation. The phase shift is assumed to comply with 
a mean of 0 and variance of the Gaussian distribution 
at n condition that the phase deviation of the 
measured value 

1 2( , ,..., )r
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probability density function is  
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The probability density function of the phase 
deviation  is  
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The average price for conditions is: 
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By formula (5) shows, when Q reaches to a 

minimum value, the integral need maximum. If the 
maximum p(|x) value within the allowable range to 
φˆ estimate for the phase error, a necessary condition 
is to maximize the value is: 
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Node clock drift is generated by the internal 

crystal oscillator frequency variation associated with 
each crystal is two registers, a counter and a holding 
register. The crystal each oscillation time counter is 
decremented by 1 when the counter is decremented to 
0, an interrupt is generated, and the counter is re-
loaded from the holding register start value. Timer to 
work within the limits prescribed by the manufacture 
of specified constant ρ is the maximum drift velocity. 
If the two clock drift in the opposite direction with 
respect to the UTC time, within the delta T of time 
after they are synchronized, they may be a difference 
of 2ρΔt, for the wireless sensor network operation the 
system is assumed to be away between every two 
clock does not exceed delta must be at least two 
clock in each δ/2ρ re-synchronization. For the 
operating system of wireless sensor network is 
assumed to guarantee between each of the two clock 
is not more than 8, then the two clock must be at least 
every δ/2ρ in resynchronization. With a phase-locked 
loop crystal phase and frequency locked to the 
external standard physical layer can also be used to 
reduce the synchronization error [91], but is bound to 
the node for wireless sensor networks low-power, 
low complexity of the design requirements the 
hardware design adds additional difficulty. 

Local time is defined as the physical time t for 
each node i 
 

0
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m
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m
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(7) 

 
And, m0 is the nominal frequency node crystal 

oscillator, p(|m) oscillator frequency is the actual t 
time, m is the time deviation of node c in m time ago 
accumulation. m and m0 for the actual physical time. 
The set ν = p(|m). 

In a short period of time that the crystal frequency 
is constant. Node clock drift satisfies the formula (7) 

as shown in the linear model, this paper using the 
method of least squares fitting parameter. The least 
squares method does not require additional statistical 
parameters, simply given about the parameters of the 
linear model fit can be achieved. Although the 
algorithm in the nature of conversion and evaluation 
no particular advantage, but because of the 
complexity of the algorithm, easy to implement, 
smaller wireless sensor networks to meet the limited 
energy requirements. Based on this, this paper takes 
2 δ /3 ρ is the time interval, periodic calculated by 
least square method (7) of linear regression fitting 
parameters ν and σ, such as type (5). The fit r can be 
calculated by the formula (6), each receiving end 
sensor nodes in wireless sensor networks can be done 
by fitting parameters v and σ of the node clock drift 
compensation. 
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3. Simulation Testing and Analysis 
 

In order to verify the effectiveness of the 
algorithm, using OMNeT++ simulation software, by 
arranging the simulation region in 10 synchronization 
algorithm simulation of wireless sensor network node 
based on IEEE 802.15.4 algorithm, simulation 
environment for receiving and forwarding of 
messages between nodes time statistics and storage 
interoperability and node to perform the operation of 
two parts. The following simulation conditions: 
sentence 600 times, between each sentence two times 
the time delay for 2.5 seconds, the simulation time is 
60 minutes, maximum communication distance 
between nodes theoretical value is 92 m. 

 
 

 
 

Fig. 2. Algorithm error analysis. 
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First, on the basis of the simulation platform, 
respectively, the use of the TSBS algorithm and RBS 
algorithm compensate for inter-node synchronization 
time, the two algorithms in error probability 
distribution is shown in Fig. 2 above. With the 
increase of the synchronization error TSBS 
calculated error cumulative probability of error 
occurred in 21 μs, RBS cumulative error probability 
of 62 μs. So, compared to RBS, TSBS increased 
nearly doubled in reducing synchronization error.  
Fig. 3 shows the synchronization error of TSBS and 
RBS distribution, it can be seen from the figure, the 
average error of TSBS is 13.41 μs, and the average 
error of RBS reached 33.21 μs. So, even though the 
TSBS algorithm reduced the number of reference 
broadcast information exchange between nodes, but 
through all phase deviation maximum a posteriori 
estimation, synchronization errors not only did not 
increase, on the contrary, TSBS achieved some 
improvements in terms of synchronization accuracy. 
Second, by increasing the number of nodes, i.e., 
respectively, are arranged in the simulation area 50, 
100, 150, 170, 190, 210 nodes TSBS, RBS 
simulation algorithm in the network energy 
consumption, Table 1 shows two kinds of the actual 
value synchronization algorithm in the different 
number of nodes energy consumption in mill watts. 
Because TSBS Algorithm With the increase in the 
number of nodes, only two nodes not adjacent to the 
completion time of the exchange of information, with 
respect to the RBS algorithms significantly reduce 
the amount of information exchanged between the 
nodes, so TSBS algorithm energy consumption can 
be seen from Fig. 3 only the RBS algorithm of 2/5. 
At the same time, with the increasing of the number 
of nodes, the TSBS algorithm energy consumption 
increasing trend is more and more stable, which is 
one of the important advantages of TSBS algorithm.  

 
 

 
 

Fig. 3. Algorithm energy consumption comparison. 
 
 

Table 1. Actual energy consumption value (unit: mw). 
 

Nodes 50 100 150 170 190 210 
TSBS 120 132 141 154 168 190 
RBS 160 190 230 250 320 360 

 
 

6. Conclusions 
 

In this paper, based on analysis of traditional RBS 
algorithm, proposed an energy efficient time 
synchronization algorithm. First only on non-adjacent 
two of the receiving node in the plurality of reference 
conditions of the broadcast message and the average 
phase deviation, and reduces the computational 
complexity of the entire synchronization process, 
comply with the Gaussian distribution characteristic 
due to the phase deviation between the receiving 
node, therefore, adopted maximum posteriori 
estimation method to estimate the resulting phase 
deviation, each receiving node according to the phase 
deviation of the estimated value of the node time 
adjustment, correction of the phase deviation; 
Secondly, the method of least squares linear 
regression fit periodically clock offset, thereby 
completing the entire synchronization process. 
Theoretical analysis and simulation results show that 
the ERBS algorithm improved to ensure the 
synchronization accuracy of better than RBS 
algorithm in terms of energy consumption compared 
to RBS algorithm showed superior performance. 
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Abstract: In order to improve the vegetables tracing efficiency and reduce vegetables tracking and monitoring 
cost, analyzed existing vegetable production, testing, location, track and sales process through the investigation 
of one vegetable enterprise, the vegetable traceability system scheme by RFID and Internet technology is 
designed. Emphasis on an analysis of the RFID system , middleware, and applications such as mobile phone or 
wireless PDA of internet of things The final analysis of the network in the Internet based on the vegetable 
enterprise vegetable traceability system integrated approach. The system provides the details about vegetable 
information for the consumers and a good operation platform for vegetable production management and 
vegetable quality safety monitoring. Application results show that the warehouse has a significant effect in 
improving the tracing efficiency and reducing the tracking and monitoring cost. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor, Internet of things; Vegetable traceability; RFID; Anti-collision algorithm. 
 
 
 
1. Introduction 
 

As a new internet of things information network, 
to realize supply chain of goods automation track and 
trace provides basic platform. It is significant in 
logistics supply chain of goods and track traceability 
for realizing efficient logistics management and 
business operation. 

With the development of internet of things, its 
technology has been widely applied to all aspects of 
agricultural production[1], at present most vegetable 
production enterprises have been under the banner of 
green vegetables, but consumer can't see vegetables 
is really green food. With the internet of things that 
consumers can install the machine in the kitchen [2], 
send the vegetables needed information to 
manufacturers, manufacturers will send home the 
freshest vegetables; vegetables to the home, 

consumers can check online barcode on the 
packaging of vegetables, you can understand the tree 
of vegetables from seed to harvest the entire process. 

Meanwhile, after application of the internet of 
things technology can provide online ordering green 
vegetables, which can be timely delivered to 
consumers of green vegetables to ensure food 
freshness, while enabling consumers to the internet 
through the product barcode information, 
understanding purchased the whole process of 
vegetable production, to ensure that the green and 
organic are not adulterated, so that consumers buy the 
rest assured [3]. 

Application of traceability system based on 
internet of things, food products are labeled for each 
two-dimensional code, no matter where vegetables 
sold to consumers can be found in vegetable sources, 
fertilizer and drug use, so that consumers clearly 
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consumption[4]. Vegetable production enterprise in 
real-time monitoring of air museum vegetable 
production and land temperature, humidity and air 
pressure, carbon dioxide concentration and planting 
closely related data. Moreover, inside hall when 
ventilation, vegetables when water, such as how to 
open shade net after many needs management 
personnel to complete work, and now things are 
installed sensors and the network, these tasks can be 
automated by the installation of the network by the 
appropriate setting to complete[5]. 

Combination of the related research, based on the 
vegetable traceability system scheme by RFID and 
Internet technology for the application of the 
background puts forward a kind of RFID system, 
middleware, and applications Therefore; this paper 
studied the following questions: 

1) Internet of things working process; 
2) Design of RFID middleware; 
3) RFID anti-collision algorithm; 
4) RFID data collection filtering algorithm.  
This work is partially based on the vegetable 

traceability system based on Internet of things (VTS) 
as an example and supported by the Science and 
Technology Research and Development Program of 
Shaanxi Province in 2012 #2012K12-03-08. 
 
 
2. What is the Internet of Things 
 
2.1. Definition of Internet of Things 
 

Internet of Things (The Internet of things) is 
defined as: The radio frequency identification 
(RFID), infrared sensors [11], global positioning 
systems, laser scanners and other information 
sensing device, according to the agreement agreed to 
anything connected to the Internet, the information 
exchange and communication, in order to achieve 
intelligent identify, locate, track, monitor and 
manage a network. 

 
 

2.2. Internet of Things Working Process 
 
The basic workflow of things from the four 

components, namely the information acquisition 
system (RFID system), PML Information Server, the 
product name server (ONS) and application 
management system. Their functions are as follows: 

1) Information collection system. Information 
collection system consists of RFID tag (tag), two-
dimensional code reader (Reader), and data exchange 
and management system software, the main finished 
products identification and EPC (Electronic Product 
Code) code collection and processing [10]. 

2) Object Name Service (ONS). Object name 
server ONS (Object Name Service) main function is 
to implement the various information collection 
points and PML association between the information 

servers to achieve RFID EPC codes from the items to 
the product mapping between PML descriptions. 

3) Physical Markup Language. PML (Physical 
Markup Language, physical description language) 
information server data definition rules created and 
maintained by the user, the user according to 
predetermined rules to encode the items, and use 
XML more information on the item description. In 
the Internet of Things, PML server is mainly used for 
in their common model provides for objects original 
information, so as to define the rules of other server 
access. 

4) Business management system. Business 
management system by accessing information 
collection software got the EPC information, and 
through the PML ONS find items, which can be in 
the form of Web users to the Internet, such as 
information search, tracking and other functions, 
users can also real-time via cell phone or wireless 
PDA understanding of the status of items. 
 
 

3. Design of Vegetable Traceability 
System Based on Internet of Things 

 
3.1. System Architecture Design 

 
Vegetable traceability system based on Internet of 

things using radio frequency identification and two-
dimensional code technology and each of them are 
labeled on vegetables, two-dimensional code, no 
matter where vegetables sold to consumers can be 
found in vegetable sources. Vegetable traceability 
system based on Internet of things structure shown in 
Fig. 1. It mainly consists of vegetables and 
recognition, information processing/control/tracking, 
PML server, the local database server, business 
systems, composed of five modules. Their roles are 
as follows: 

1) Vegetable identification. The core of 
vegetables identification system is the coding and 
identification. Since each vegetables barcode has a 
unique coding, no matter where vegetables sold, just 
enter the number of vegetables to can vegetables, 
tracking and monitoring. Therefore, the traceability 
system based on RFID or two dimensional barcode 
label adopts the EPC code as vegetables 
identification tag codes, the only by chip and 
Antenna composition, each tag has a unique 
electronic product code. 

EPC Code (Electronic Product Code) is Auto-ID 
research center for each physical target d can be 
assigned a unique identification code, its included a 
series of numbers can represent vegetables category 
and vegetables ID, production date and producer etc. 
information. With the transfer or change in the sales 
of vegetables, these data can be updated in real time. 
Usually, EPC code can be made of silicon chips into 
electronic tag, with vegetables being identified to be 
the information-processing software to identify, 
transfer and check. 
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Fig 1. Vegetable traceability system structures. 
 
 

2) Information processing/control/tracking. 
Information processing/control/tracking module is 
the core of the system function module, it through the 
data collection interface, information processing, 
vegetables tracking and monitoring interfaces to 
interact with other functional modules, enabling 
automatic processing of vegetables. 

3) PML server. PML server consists of vegetable 
production manufacturer to create and maintain 
server and it with XML-based, provide detailed 
information, such as vegetable category and ID and 
place of production information, and allows the EPC 
code of vegetables information inquiries. 

4) Local database server. Local database server is 
mainly used for storing data acquisition and 
processing interface obtains vegetables message, in 
order to query and maintenance of business systems. 
For example, the user can through phone or wireless 
PDA or Web client anytime inquires the current state 
of the vegetables. 

 
 

3.2. System Developing Platform 
 

The system uses Internet environment, the use of 
B/S model for development. The server operation 
system chooses Linux, the main technology used for 
the Java EE and Java programming language, 
database system used Oracle11g. 

 
 

4. Implementation of Traceability System 
 

4.1. The Key Technology 
 

To ensure the integrity of the vegetable 
processing, every vegetable has the unique coding. 
Coding by vegetables category 3-bit code and 10-bit 
vegetables ID code, 10-bit the date of production 
code, 4-bit producer code, 4-bit manufacturer code, 
4-bit sale code, 10-bit sales date code, 4-bit sales 
enterprise code and 6-bit serial number composition. 

Before selling the vegetables for an RFID tag affixed 
vegetables.  

 
 

4.2. Design of RFID Middleware 
 
According to previous research methods and the 

Savant label ID that the definition of middleware, 
RFID middleware function modules should contain 
the following several functional modules: Reader 
interface module, the logical drive mapping module, 
RFID data filtering module, the business rules, filter 
modules, equipment management and configuration 
module, the upper service interface module. And, 
Reader interface for middleware and RFID reader 
data communications, mainly to have access to RFID 
data and device management module to issue 
commands reader. Equipment management 
configuration module is used to adjust the working 
status of RFID read-write device, configure the 
appropriate interface parameters such as Reader, 
logical reader will be more physical mapping module 
reader for the reader or multiple antennas into a 
logical map reader. 

 
 

4.3. RFID anti-collision Algorithm 
 

In most applications, the range in the memory 
reader to be identified in a number of labels, radio 
frequency identification system is an advantage in a 
very short period of time to identify multiple tags. 
From reader to tag communications, also received 
multiple tags with a reader to send the data stream, 
the role of the reader multiple tags simultaneously 
within the range of data to send it, this form is known 
as multi-access. In order to prevent multiple tags data 
reader interference in the receiver can not accurately 
read, must be anti-collision algorithm to resolve them. 
Reader anti-collision model method show in Fig. 2. 

Suppose in a RFID system, identification tag 
reader in the EPC k-bit collision occurred, the 
algorithm searches in the range of k tags, the EPC 
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bits are determined except collision bits. Suppose that 
there exists a label, its not within the scope of the 
search, then the EPC will collide with other labels in 
addition to a bit outside of one or a few bit different, 
so in other bits will also appear on the collision , 
which contradicts the known collision, so the 
theorem. The overall search algorithm requires the 
number of T slots 

 

c r eT T T T   , (1) 

 

which cT , rT , eT  represent the collision, readable, and 
the number of free slots. And the total number of 
time slots is different from the depth of the slot 
number i correspond to the sum, that is: 
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where k represents the maximum search depth, N on 
behalf of all within the reader the role of number of 

tags to be identified. ( , )T N i  Indicates that the depth 
search algorithm i on the number of required slots. 

For i search depth, most can determine 2i
 buttress. 

The EPC tags length is n and the total number of 
labels is N for the RFID systems, estimates of the 
number of idle slots: 
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Fig. 2. Reader anti-collision model. 
 
 

Readable slot number is: 
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As the number of segments chosen by the 

algorithm is based on the number of collisions bits 

decision, a bit not the probability of collision is 
12N
, 

so the number of segments to meet the binomial 
distribution: 
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To (6) into (8), the algorithm can get the number of 
collisions: 
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Is different, this make are supposed as reproduced 
processing has not been determined for reprint web 
pages. 
 
 
4.4. RFID Data Collection Filtering 

Algorithm 
 
RFID data collected is very large, in practical 

applications, depending on the configuration, each 
reader can be reported per second to a few dozens, 
ranging from electronic tag data, such as repeated 
several times with an electronic scanning label, but 
only a small part of the user meaningful, non-
repetitive data, so after a lot of data to redundancy, 
etc. If you do not deal directly uploaded to the whole 
RFID system will bring great burden. Therefore, 
RFID filtering the data collected. 

Designed RFID data collection Filter can be 
divided into the following categories: 

(1) establishing a list of categories of data 
collection events: New tag for each data in real-time 
detection, if it is a new scanning electronic tag, is 
added to the appropriate list, if the tag already exists 
in the list, only updates the corresponding time the 
label state data, not the new tag data records, remove 
duplicate data in order to achieve the purpose. 

(2) Data collection event code categories: change 
in state code, custom tag appear status code for 0, tag 
state disappear coding for 1. Then add the timer 
mechanism of effective inside time the same timer 
labels on state of jumping in the state, thus ignore 
definition and the time dimension 2 aspects of data to 
heavy and chemical. 
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All these algorithms can eliminate redundant data, 
reducing the load on the upper system. But in 
practical applications, in addition to the redundancy 
of the RFID data outside the filtering of data there are 
other needs. In response to these problems, the design 
under different scenarios in the adaptability and 
effectiveness of the filtering algorithm. 

Experimental platform using RS232 interface of 
single antenna literacy device, the reader reporting 
cycle for the 1s, the number of tags each time the 
report was 5. Implementation of algorithm adopts 
Java language, through a serial port for Java serial 
communication. 

The first is to build a RTagReadEvent tag class 
that contains the key parameters and methods are as 
follows: 

 
public void run ( ) {  
while ( currentvalue > 0) {  
if ( currentvalue > = tagmax&&! detecedStauts) {  
// Tag on the trigger record 
…… 
detecedStauts = true;  
}  
else if ( currentvalue < = tagmin&&detecedStauts) 

{    
// Trigger disappear tag records 
  detecedStauts = false;  
 }  
 currentvalue - - ; 
 
When the main program of filter module detects a 

new tab, it will create a newReadTag class object of 
RTagReadEvent , and initial values of each key field, 
while the internal timer to start the thread object, the 
role of the timer thread on the label of each reporting 
period to check the weight value and trigger 
appropriate action. Check the label each time the 
weight will currrent value minus 1, in order to 
achieve the report when the label is not the gradual 
decrease of its weight. Current value reduced power 
value of 0, the timer thread to stop, then you can 
destroy the object. 

When the main module of filtering algorithm 
found already exist in the label report, the label 
current value object cohorts: 

 
newReadTag. currentvalue + = valueStep;  
if ( newReadTag. currentvalue > = newReadTag. 

tagmax) {  
newReadTag. currentvalue = newReadTag. 

tagmax;  
} 
 
Algorithm which is defined value Step 

accumulated weights. Current value if the weight has 
reached the threshold ReadTagmax, will it remain at 
that value, to prevent the cycle through a number of 
tags reported weight is too high, impact subsequent 
judgments. 

 
 

5. Performance Tests 
 
Application of RFID anti-collision algorithm was 

simulated RFID reader, which reader anti-collision 
detection algorithm simulation results shown  
in Fig. 3. 

The following data acquisition filter algorithm on 
the simulated test that set valueStep = 5, tagmax = 8, 
tagmin = 0, when the tag into the reader range, after a 
period of about 8s tag filtering module trigger action 
occurs, set label reader a short time out of range, the 
analog signal interference and fluctuations, and the 
other label from within the reader move through the 
reader were not triggered by the extra labels appear 
and disappear operation, the reader scans the tag data 
shown in Fig. 4. 

They appear in Fig. 4 cycles set the encoding of 
RFID tags 1, does not appear in the code is 0, so that, 
for each baggage tag, and its events can be recorded 
as a binary string of order 01. For purposes of Fig. 4, 
tag1 can encoded as 01001011, said tag reader 
through the range; tag2 can be encoded as 11011000, 
said the label left the reader range; tag3 can be 
encoded as 00000011, said tag reader to enter and 
remain in the range. 

 
 

 
 

Fig. 3. Simulation results of collision detection algorithm. 
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Fig. 4. Reader scans the tag data algorithm. 

 
 

6. Conclusions 
 

This paper proposed vegetable traceability system 
based on Internet of things, which has a high degree 
of automation features. The program is currently 
developing the vegetable traceability system has been 
installed in the domestic use of a vegetable business, 
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the future will continue to improve based on user 
feedback. 
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Abstract: Research on the formation peculiarities of the random error-component while measuring electric 
noise has been undertaken. The parameters of interaction between the researched substance and a measuring 
probe including energetic and time parameters are enlightened. The latter are balanced with relaxation time, 
period prior to performed gauge and duration of measuring. The problems of activity / passivity of the 
measurement method and features of studied object reaction are under consideration. It is proved that the nature 
of relaxation is determined by a fluctuation-dissipation mechanism of forming electric noise of an object and 
consequently their undertones (thermal noise or/and 1/f noise). The followed issue is the inexactness of the 
summary results of repeatable measurements, and stiffness of the random error to reduction by averaging. 
Copyright © 2013 IFSA. 
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1. Introduction 

 
The measurement of object parameters is made 

with errors that are divided into systematic and 
accidental or random. The source of random error-
component appearance could root in the influence of 
proper noise of measuring systems, electromagnetic 
interferences and etc. [1]. The estimation of the 
random error-component could be made due to the 

variance D or standard deviation D   of the 
received results. One of the methods of reducing a 
random error is the averaging of measurement 
results, particularly with the N-fold increase in the 
quantity of gauges, the standard deviation x  at 

x
const  1 2N   decreases in 1 2N   times: 

x

cp

N


   [2].  

Although a random error could be reduced by 
enlarging the number of gauges just to some extent. 
The matter is that a random error is also considerably 
influenced by the state of the object of measurement, 
namely the thermodynamic state when the values of 
object parameters are the functions of time. Besides, 
the amount of energetic intrusions in the process of 
measurement is also of significance, as well as the 
related factor of the removal of the issues of those 
intrusions, described by the relaxation time [3]. All 
these processes are specially complicated at the 
reducing of object size to a nano-area [4]. 

 
 

2. Objectives of the Work  
 

The goal of the proposed work consists in the 
research on reliability of the results of repeatable 
gauges of object parameters as well as on the 
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possibility of decreasing the random error-component 
in terms of the reaction of the controlled object and 
its response to the intrusion of a measuring 
instrument.  

 
 

3. The Conducted Research  
 
While measuring, the object should be maximally 

isolated, to decrease the influence of additional 
measurement error components. To wit, in the first 
approximation, this object is treated as an isolated 
system that primarily is got into disequilibrium in the 
moment of gauge performance. Afterwards, the 
object is getting from disequilibrium to equilibrium 
during the relaxation time τ.  

To conduct the analysis, we should make sure that 
we deal with: A – active methods of research, i. e. 
with methods that actively change the energetic 
spectrum of the researched object, and the issue of 
such a change is the appearance of the random error 
component; B – with passive methods. Hereby, the 
passivity of some research method concerning a 
macro-object is far not the same in the case of micro- 
and nano-objects.  

Apart from, let us note that there are two time 
intervals referred to the described object: a) the time 
of measurement tm which is balanced with the 
duration of energetic action on the given object tе, and 
b) relaxation time. Therefore to come to a conclusion 
whether the system remains in equilibrium or 
disequilibrium, we could compare system relaxation 
time τ with the time tm of watching the system 
(duration of system parameters’ measurement). It 
seems possible when those time values are 
comparable.  

Let us consider the possible cases of realization of 
a concrete gauge of some duration concerning the 
object that is characterized by the given relaxation 
time with the usage of an active method modification. 
The most trivial and known case seems to be the 
study of relaxation thermometric properties, e.g. the 
research on fluctuation-dissipation changes in 
metrological properties of thermoelectric 
thermometer electrodes depending on the time of 
annealing at the increased temperature. Those 
changes are revealed in the altering of their 
transformation functions and have exponential-
attenuating nature (Fig. 1) [5].  

The time-dependences of transformation function 
changes of other thermometer types are similar [6]. In 
any case, we can reduce the coverage interval of 
received characteristics of transformation function 
drift to a receptive level by lowering the values of 
random error-components and increasing the 
reliability of measurement.  

In the case of factors of negligible energy, we 
may consider the response of substance as linear. 

Then the spectral power density (SPD) ( )S f of the 

fixed fluctuations is proportional to the spectral 
absorption coefficient (Debye’s model [7]): 
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where 
p

k  is the coefficient of measuring system 

power transfer. 
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Fig. 1. Thermo-EMF changes of thermoelectric 
thermometer electrodes depending on the time of annealing 

at the increased temperature. 
 
 
To wit, consequently of stipulated application of 

Debye model, the frequency dependence of SPD 
appropriate for 1/f noises is gained in [8]. Stationary 
random processes with 1/f–spectrum are 
characterized by the critical dynamics and scale-
invariant fluctuation distribution. In those systems the 
energy of fluctuations could be accumulated at the 
low frequency bandwidth, increasing the probability 
of emergency emissions [9]. 

In the case of Einstein model, at the concentration 
of phonon energy on the physically elementary 
volumes – quasi-defects of extension – an absorption 
coefficient is found: 
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and a spectral absorption coefficient is proportional 
to SPD )( fS : 
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Following from (3),   )( f  is frequency-

independent which corresponds to the case of thermal 
noise. Experimentally fixed square character of 1/f –
noise SPD could be caused by an instrumental 
measurement error, and the higher level of degree 
dependence up to cubic one would probably be 
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related to the restriction of a frequency-time analysis 
range and integration of the gained signal at the 
measurement of substance remaining in a non-
stationary disequilibrium thermodynamic state [3]. 

When the similar research was done on a micro- 
or nano-object, the relaxation changes in its 
characteristics, namely noise-characteristics, were 
under consideration; meanwhile the object itself was 
being affected by the energetic intrusion of a 
measuring device, since this method of research is 
active. The similar situation could be observed while 
conducting the research on noise characteristics of 
nano-objects, e.g. cells of an organism [10]. Hence, 
the received results and a real state of affairs differ 
considerably. 

Therefore we should consider the concrete 
researched objects in their energetic-dimension 
discretization, described similarly to [4]. For 
example, nano-patterns reproduce substance in a 
transitive dimensional range – between particular 
molecules with their sizes and a solid body. As a 
result, their properties require some specificity that 
finally is brought to two mentioned phenomena. First 
of all, consequently of enlargement of the ratio 
between surface and volume, more atoms are 
becoming superficial, thus leading to the intensified 
role of a surface. In second, there appears the 
dimensional effect of quantization of electronic 
properties: the hybridization of inner and outer 
(valency) electrons which leads to the decomposition 
of a total conductivity zone inherent in metals into 
discrete electronic levels. Finally, metal nano-
patterns of the volume in 50 – 100 atoms acquire a 
semiconductive electronic structure along with 
correspondent properties. 

At the availability of energetic discretization, we 
could balance the action of a measuring tool at least 
consequently of adding one or few electrons to a 
pattern [4, p. 185], and afterwards study the 
fluctuation action of measured perturbations. 
However, those factors pertain to nano-patterns only 
and they are slightly felt or even unfelt in macro-
patterns. 

In this case, the question of measurement 
multiplicity (divisibility) could be reduced to the 
question of perturbation divisibility, since at some 
duration Δt of a sine-voltage effect (an active method 
of noise measurement), a nano-object becomes liable 
to the effect of k excitement acts: к = Δt / f. Hereby, 
the value of excitement energy must exceed the 
height of an energetic barrier between two 
neighbouring electronic states. Exactly in this case, 
we gain the changed volume, whose characteristics 
are under research. The example is the study into 
electronic noise in an organism cell by incorporating 
of 2 micro-electrodes, as well as the study into clear 
intuitions about the behavioral correlates of 1/f noises 
in human behavior. More healthy, stable, and 
coordinated behaviors seem to go with a clearer 
presence of 1/f noise. Less skilled and deficient 
behaviors show more random trial-to-trial 
fluctuations [1]. 

When the value of excitement energy does not 
exceed the height of an energetic barrier between two 
neighbouring electronic states, the situation demands 
the deeper study, particularly on the subject of 
possibility of accumulating energy on the pattern 
defects; as was shown in [8], the 1/f noise could 
appear here. 

In the case of the passive methods, the statistics of 
studying results could be augmented, e.g. for electric 
noise. However, for this purpose, we should 
determine or at least calculate whether the removal of 
electric power during measuring could not change 
characteristics, to wit, whether a methodic error-
component would not appear, e.g., while measuring 
the voltage of electric noise of the amplitude 10-8 V 
by a passive method (Р= 10-16 W) any shaking of a 
pattern, producing it the energy of 10-6 J, would 
determine the duration of this power removal during 
measurement as ~ 10 10 s.). 

Let us consider the action of fluctuation factors on 
the isolated, thermodynamically selected system 
remaining near equilibrium. Its parameter values 

fluctuate near some average quantity x . The 
probability of such fluctuations is determined by the 
Einstein formula [11]: 
 
 ~ exp( )P S k , (4) 

 

where ΔS  is the deviation of system entropy from its 
equilibrium (maximum) value; k is the Boltzmann 
constant. Hereby, each of n thermodynamic system 
parameters (temperature, volume, pressure etc.) 
fluctuates around equilibrium values. Let us follow 
the change of one of system parameters – the x 
parameter, assuming that behaviour of all other 
parameters is similar. The process of changing x 
parameter following from [12] is: 
 
 

0
exp( )

x
x x = Δ = (x x ) t     , (5) 

 

where 
0

(x x )  is the deviation of x parameter from 

the average value x  in the moment of time t=0. 
x
Δ  

is a function of two values - t and τ. Moreover the 
time of system observation t is an independent value, 
and relaxation time τ depends on system parameters 
(e. g., on the additional inner energy in the form of 
lattice defects’ energy [13]). The value 

0 < τ = const <   is inherent in some stationary 
disequilibrium system state. Hereby, with the rise of 

t, 
x
Δ  falls down after the exponential law. Then the 

random error-component, caused by fluctuation 
deviation of the measured parameter from its mean, 
decreases with the rise in the measurement time t till 
the infinitesimal quantity. 

Fluctuations in an isolated system are caused by 
the effect of heat energy. The processes of 
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appearance and action of fluctuations could be 
represented in the following way (Fig. 2). 

Anytime returning to the equilibrated values x , 
we obtain the different values of relaxation time τ (τ1, 
τ2, …τn), any of which is determined by the 
competitive interaction of different processes of 
relaxation dissipation of reserved energy [3].  

 
 

 
 

Fig. 2. Fluctuations of the parameter х. 
 
 
Consequently of relaxation with the constant τ, 

the system gets into equilibrium, and the parameter x 

reaches its equilibrated value x . Hereby, 0S  . 
From (1) the probability P of fluctuations (the 
probability of х deviation from the equilibrated value 

x ) becomes equal to 1. In the state of equilibrium, 
the values of thermodynamic system parameters 
fluctuate around their average values. Therefore in 
the following moment of time, x again becomes 

different in comparison with x . In equilibrium (for 
idealized systems), the energetic spectrum of system 
parameters’ fluctuations is the same for all 
frequencies from f→0 to f→∞. The minimal value of 
inner energy of the system in equilibrium fosters the 
leveling of probabilities of different relaxation 
mechanisms: in any moment of time t, the probability 
of one or other relaxation mechanism is the same. 
Hereby, the set of relaxation times in the equilibrated 
system lies from τ→0 to τ→∞.  

Naturally, real systems are mainly not 
thermodynamically equilibrated, hence their set of 
relaxation times is not infinite large (   ). 
Irregularity of energetic spectrum of real system 
parameter fluctuations within the whole frequency 
range which is observed in practice means that the 
probability of different relaxation mechanisms is not 
the same: a certain relaxation mechanism with its 
immanent time τ tends to prevail.  

Exponentially determined relaxation time could 
be compared to the theoretically calculated value τ at 
the foreseen maximum probability of one of possible 
mechanisms. At the similar values of experimental 
and calculated relaxation time, we could determine 
the mechanisms of relaxation, prevailing in a certain 
researched pattern. It could serve as one of methods 
of flicker-noise spectroscopy. 

For a disequilibrium system state, the increased, 
over minimal possible, value of inner energy wasted 
for the formation of inner structure defects is 

peculiar. The accumulation of this energy could 
intensify the probability of some relaxation 
mechanism in comparison with others. Hereby, the 
probability of fluctuations is changing as compared  
to (1). 

The probability of fluctuations of real system 
parameters is taken from [14]:  
 
 1 f τ

H
P = e  , (6) 

 
where τ is the relaxation time of the system; f is the 
frequency. If we relate the frequency f with the time 
of system observation (the time of measuring the 
system parameters) as f = 1/t, then the expression (6) 
will have a shape:  
 
 1 exp( )

H
P = t  , (7) 

 
In the Fig. 3 the dependence of РН (t, τ) on time t 

at the different values τ is notified.  
 
 

 
 

Fig. 3. Dependence of probability of the revealed 
fluctuations on the time of disequilibrium system 

observation. 
 
 
Following from (7) and Fig. 4, we may see that at 

the fixed τ the probability of fluctuations РН is falling 

( 0
H

P  ) while t is rising. Also from (2), at the fixed 

τ and rising t, the deviation 0
x
Δ  . Thus, while 

isolating the system (the condition of leveling), it 
starts to get into the state of thermodynamic 
equilibrium. Moreover, the closer to the equilibrium, 

the slower the parameters’ changes ( τ  ). Hence 

the system will reach the equilibrium in t  . 
Since the real time of measurement t is restricted, 
then the measurement of real system parameters is 
taking place under the condition of system 

disequilibrium ( τ <  ). 
The point is to determine the random error 

appearing at the measurement of system parameters 
in disequilibrium (for real systems). Let us assume 
that the measured value is equal to zero, i.e. as a 
result of measurement, only random error value will 
be fixed under х(t). Properly, х(t) is nothing else than 
the proper noise of the researched system of higher or 
lower intensity. Hence х(t) could be characterized by 
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the spectral power density (SPD) Sх(2πf). At the 
averaging of х(t), we will get:  
 
 2

(2 ) ( 2 ) (2 )
x x

S f K j f S f    , (8) 

 
here К(j2πf) – transferring function of an averaging 

filter; Sх(2πf) and (2 )
x

S f - the spectral densities of 

proper noise power of the researched system before 
and after averaging.  

Mainly the results of measurements are in the 
form of N numerical values, determined keeping time 
intervals Δt. Hereby, the transferring function of an 
averaging filter К(j2πf) could be represented as:  
 

( 1 )1 s in ( )
( 2 )

s in ( )

j f t Nf tN
K j f e

N f t





  




 

(9) 

 
The dispersion of an random error х(t) makes:  
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The given expression satisfies an arbitrary Sх(2πf). 

Particularly, in the case 

0
(2 )

x
S f S const   (“white” noise), the variance 

of an random error is determined as follows:  
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(11) 

 

where 
x

  is the standard deviation of the random 

error х(t). 
To wit, if х(t) takes a form of a “white” noise, in 

the case of systems remaining in the state of 
thermodynamic equilibrium at the averaging of N 

gauge results, an random error could be N -fold 

decreased: x

cp x
D

N


   - , which is known in 

measuring technique long ago [2].  
In real systems, SPD of parameters’ fluctuation, 

as was mentioned above, is not stable within the 
whole range of frequencies. The expression for 

fluctuations (noise) SPD ( )
H

S f  of the isolated 

disequilibrium systems (objects whose parameters are 
measured) is proposed in [16]:  
 
 

(f)S
e

e
=(f)S Pfτ

fτ

H
1 , 

(12) 

 

here 
P

S (f) - SPD of fluctuations of the system 

remaining in the equilibrated state 

(
P 0

S (f) = S = const ). 

At the intermediate and high frequencies 
( 1f   ) following from (6), 

0
( ) ( )

H P
S f S f S  . At low frequencies (at 

1f   ) the expression (12) takes the form: 
 

0
1 1

1

fτ

H P 0 0 0fτ

Se
S (f) = S (f) + S = aS + S

e τ f f



 (13) 

 

and describes the appearance of a flicker-component 
noise within the spectrum. The variance of the 
random error at the availability of a flicker-noise is 
derived with substituting the first component of the 
expression (9) into the expression for the variance 
(7): 
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where fl is the low threshold frequency of a flicker-

noise; 
l

x f tN  ; 

0

cos( ) 1
( ) ln( )

x

Ci x x d


 



     - integral cosine; 

γ = 0,577… – Euler constant. 
The dependence of the random measurement error 

– the normed standard deviation – on the number of 
measurements at the availability of “white” noise 
(WN), flicker-noise (FN) and “white” noise with a 
flicker-component (WN+FN) is notified in the Fig. 4. 

 
 

 
 

Fig. 4. Dependence of the random measurement error on 
the number of gauges at fn = 10-6 Hz and Δt = 1 s  

(WN – “white” noise; FN – flicker-noise; WN+FN – 
“white” noise and flicker-noise). 

 
 
We may see in the Fig. 4 that the averaging of the 

results of 100 gauges produces the 10-fold reduction 
of the error of measuring the value х(t) in the case of 
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“white” noise, ≈ 1,2-fold reduction in the case of 
flicker-noise and ≈ 1,4-fold reduction for “white” 
noise with a flicker-component. Thus, the random 
error could be reduced to the negligible value only if 
the spectrum of the measured value is the same 
within the frequency bandwidth from fl→0 to over-
high frequencies.  

The results of real measurements, as was 
mentioned before, are represented in the form of the 
set of values х1, х2,…хn,. Hereby, the interval of time 
between the results of measurement is chosen in the 

condition of 
1 1

2
h

t
f f

   , here fh – the upper 

frequency in the spectrum of the measured value. 
Most gauges are made in the static mode of the 
measured value, hence fh → 0 and the flicker-
component becomes of importance in the spectrum of 
the measured value. Hereby, the error of 
measurement could not be reduced to the 
infinitesimal value by the method of averaging the 
results of measurement.  

The practical way to reduce the error of 
measurement caused by the flicker-component of the 
measured value spectrum is periodic calibration 
(autocalibration) of a measuring instrument. Then the 
low limit of a flicker-noise spectrum is determined by 
the frequency of a between-check interval.  

The last aspect of the given work lies in 
considering the point: the theory of errors refers the 
first role to the authenticity of the measured value 
that is accompanied with a number of measurement 
results called by different influence-factors. Exactly 
this approach is revealed in the mentioned before 
materials. Besides, in the case of the single 
measurements of unique properties, especially in 
nanotechnology, the theory of uncertainty could 
become expedient [15]. Here the evaluation of a 
result is supposed to be made with some uncertainty 
determined by the effect of the same influence-
factors.  

Within the framework of an uncertainty approach 
the expounded above results could be reduced to the 
extended standard uncertainty of the A type by 

introducing the coefficient - 1 3 . 
 
 

4. Conclusions  
 
1). Random errors of the results of measurement, 

the averaging of which is treated as a routine way of 
their reduction at the repeatable measurements, could 
be minimized only if the energetic spectrum of the 
measured value is stable within the frequency 
bandwidth (range) from 0 to over-high values, i.e. 
could be represented in the form of “white” noise. If 

the colouring caused by a flicker-noise effect pertains 
to the energetic spectrum then the random error could 
not be minimized by averaging the results of 
repeatable gauges.  

2). Since the energetic spectrum, inherent in real 
systems, contains a flicker-component, the results of 
repeatable measurements remain quite undetermined, 
and their random error could not be considerably 
diminished by averaging.  
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Abstract- This paper describes the optimization of a set of initial parameter values in an implantable, remotely 
interrogated electronic displacement sensor for use in applications of such as implants for total hip and total 
knee arthroplasty. This is the first reported implantable electronic system capable of satisfactorily measuring 
both postoperative migration and micromotion. In earlier reported work by the same authors, the initial 
parameter values of the differential variable reluctance transducer (DVRT), which is the key component of the 
system, were chosen somewhat randomly and were not optimal. In this short paper, the influence of the initial 
resistance and coil parameters in the bridge on the operation of the DVRT is explored in terms of the accuracy, 
resolution, detection range of the measurement and the coil size. Copyright © 2013 IFSA. 
 
Keywords: Optimization, Micromotion, Migration, Implantable displacement sensor, DVRT. 
 
 
 
1. Introduction 
 

THA, total hip arthroplasty or total hip 
replacement, and TKA, total knee arthroplasty, are 
both important surgical advances of the twentieth 
century [1, 2]. In spite of their success, THA and 
TKA both suffer from a high postoperative failure 
rate, which is known to be mainly caused by aseptic 
loosening of the implant. Hence, the extent of post-
operative implant stability, which largely determines 
the incidence of loosening, is an important predictor 
of durability for prostheses and needs to be measured 
in vivo. The post-operative stability of implants can 
be quantified in terms of their postoperative 
migration (permanent movement) and micromotion 
(recoverable movement).  

In a previous paper, an implantable, remotely 
interrogated electronic system for the in vivo 
measurement of both micromotion and migration in 
the axial direction was proposed [3]. It is the first 
system capable of evaluating both migration and 
micromotion in vivo, using electronic methods. The 
system is based on a modified form of differential 
variable reluctance transducer (DVRT) whose null-
point is set automatically by means of an automatic 
self-calibration algorithm. The effect of the self-
calibration process is that (a) the bridge always 
operates at maximum sensitivity (which is important 
for measuring small axial shifts, i.e. micromotion) 
and (b) a record of the calibration parameters is kept 
which provides a measure of large scale axial shift 
(migration) since the last calibration. Further analysis 
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of this calibration algorithm was detailed in [4]. The 
feasibility of the proposed system including the 
calibration algorithm was verified by simulations and 
preliminary bench tests. These showed that the 
device can measure micromotion with resolution  
1 μm in the range 0 to ±150 μm and migration with 
resolution 1.5 μm in the range 0 to ±4 mm. These 
measurements were reported in [3]. 

The design described in [3] employed a set of 
estimated initial coil parameters (self-inductance, 
mutual coupling and series resistance) based 
essentially on the number of turns of a particular wire 
gauge that could be fitted into the space available in a 
typical THA implant. For this reason although the 
results reported in [3] are satisfactory in themselves 
they are not in any sense optimal. It is the purpose of 
this short paper to explore the influence of the initial 
coil and other parameters on the operation of the 
DVRT in terms of its ability to measure both 
micromotion and migration. The most important 
reason for doing this lies in the fact that due to the 
complexity of the analysis, the measurement of both 
migration and micromotion relies on the use of look-
up tables of calculated parameter data. The tables are 
constructed from approximate forms of the 
underlying equations and the resulting errors depend 
quite strongly on the coil parameters. Other reasons 
for optimising the design include maintaining the 
required level of resolution at 16-bits so that a 
relatively cheap and easily-available microcontroller 
can be employed to implement the self-calibration 
algorithm.  

The paper is organised as follows. Section 2 
provides a very brief overview of the system and the 
principles of its operation. The principles and 
methods employed in the optimization process are 
described in Section 3 while Section 4 describes the 
optimisation process itself. The method and its 
limitations are discussed in Section 5. 
 
 
2. System Description and Operation 
 
2.1. System Description 
 

An outline schematic of the complete system is 
shown in Fig. 1. The system consists of a position 
sensor based on a modified form of differential 
variable reluctance transducer (DVRT) and some 
electronics for signal conditioning and signal 
processing together with a telemetry system for 
external logging of the measured data. The DVRT 
consists of a pair of coaxial cylindrical coils L1 and 
L2, coupling coefficient k, a pair of electrically-
variable resistors R1 and R3 and a pair of fixed 
resistors R2 and R4 connected to form an RL-
Wheatstone bridge. A short ferrite rod attached to the 
implant (‘pin’) engages with the coils along their axis 
(z – direction), while the coils themselves are 
attached to the bone (a possible configuration for the 
implant in THA is shown in Fig. 2). The bridge is 

driven by a voltage controlled oscillator (VCO) of 
internal resistance r producing a sine wave of 
amplitude Vin and (variable) frequency f.  
 
 

r 
L1 

L2 

R3 

R4 

R1 

R2 

Vin 
Amplifiers, Signal 
Processing, Calibration 
and Control 

 
 

Fig. 1. Circuit schematic showing the form of the DVRT 
and its connection to the signal processing electronics (the 
series resistances of the coils are not shown in the figure). 

 
 

 
 

Fig. 2. Placement of the implanted DVRT, ferrite rod and 
electronics in total hip arthroplasty (THA). 

 
The signal conditioning electronics includes 

amplification and bandpass filtering and also the 
feedback control circuitry that implements the self-
calibration algorithm mentioned in the introduction. 
As noted in reference [3], for an implantable device 
the electronics would probably consist of a 2-chip 
solution, one chip for the signal conditioning parts 
plus a microcontroller to run the calibration algorithm 
and for overall control of the system. 
 
 
2.2. System Operation and Self-calibration 
 

The output voltage of a DVRT or bridge circuit 
where the output has been nulled to zero (i.e. in this 
case where the rod has been placed at the exact 
geometrical centre of the coils defined as the point 
where D = 0) is highly sensitive to axial (z – direction) 
movement of the ferrite rod. In the case of 
micromotion, the displacements are sufficiently small 
that a small-signal (linearised) approach can be taken 
[3]. The displacements can be calculated by dividing 
the measured change in output voltage V by the 
gradient of the output voltage with respect to z at that 
point. It is convenient to define the change of 
inductance resulting from an axial shift of 1 μm about 
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the origin (D = 0) as ΔL. If, on the other hand, for 
some reason the system is not nulled initially, the 
detectable range of the micromotion will be quite 
limited as any residual output voltage at the initial 
position can cause limitation of the linear output 
range. This is the usual situation encountered in 
practice and the method described in reference [3] 
seeks to overcome this problem by effectively shifting 
the null point electronically using a self-calibration 
algorithm. Not only does this procedure restore the 
system’s ability to calculate small axial shifts, but also 
provides the means to calculate and record any large 
displacements (migration) since the last calibration by 
recording the calibrated value of R1 (or R3) and then 
using a look-up table to covert to displacement. Using 
this method it is possible to calculate migration and 
micromotion separately, a process which, as noted in 
reference [3] is somewhat analogous to large- and 
small-signal analysis in conventional circuit theory. 
The main results of this analysis are presented in the 
appendix to this paper.  

To calibrate the bridge, i.e. null the output to zero, 
the bridge is set initially with R1 = R3 and R2 = R4. 
Assume the transfer function of the bridge can be 
written as the equation (A.1). The calibration 
procedure is as follows: 

1. Sweep the oscillator frequency until the 
phase angle of H1(jω) is 0° or 180º. This is 
the resonant frequency of the system and 
sets the term IMAG to zero. 

2. Adjust R1 until the phase angle of H1(jω) is 
90º or -90º. This sets the term REAL to zero. 

3. Adjust R3 until the phase angle of H1(jω) is 
0° or 180º. This sets the term IMAG to zero. 

4. Repeat steps 2 and 3 until the output is zero. 
In practice, the process is terminated when 
the modulus of the transfer function, |H1(jω)|, 
is less than a pre-determined threshold (see 
[3]). 

The bench model of the system (dimensions in 
Fig. 3) has been calibrated and the rod migration and 
micromotion have been measured extensively [3].  
 

 
 

Fig. 3. Approximate coil and ferrite rod dimensions  
for use in THA. 

 
 

The dimensions are those required for a typical 
implant in THA. Although for these initial 
experiments the system was calibrated manually, the 
nature of the calibration algorithm lends itself readily 
to an automatic realization. In the proposed system 

the two potentiometers R1 and R3 will be realized 
using voltage-controlled resistors and the whole 
process controlled by a 16-bit PIC microcontroller. 
 
 
3. Parameter Optimization: Principles 

and Definitions 
 

The optimisation of the system is carried out 
using four criteria. Due to the inter-dependence of the 
parameters (R1-4, L0, f, and k) it is impossible to 
satisfy all the criteria separately. The optimisation 
strategy (as described in detail below) is therefore to 
rank the criteria in order of significance and satisfy as 
many of them as possible while ensuring that the 
others fall within acceptable bounds. The criteria are 
ranked in terms of their influence on both migration 
and micromotion measurements and are defined as 
follows: 

(a) Accuracy is defined as the level of agreement 
between the calculated and measured results; 

(b) System size. Since the coils are by far the 
largest components in the system, the values 
of L1 and L2 need to be minimised as far as 
possible; 

(c) Resolution is defined as the minimum values 
of migration and micromotion the system can 
record; 

(d) Detectable range is defined as the range of 
dynamic axial offset which can be tolerated 
while maintaining accuracy and resolution. 

In practice it is impossible to optimise (a) - (d) 
independently of each other. Conflicts arise 
particularly between the resolution and range 
parameters and, as discussed in Section 4.5, a 
compromise must be reached. Accuracy optimization 
(a) is considered the most important of the criteria 
because, as noted in the introduction, both migration 
and micromotion measurements are based on the use 
of look-up tables. For migration measurement this 
involves a table of the resistance values (i.e. R1 and 
R3) after calibration as a function of migration and for 
micromotion measurement a table of the calculated 
gradient of the output voltage as a function of 
migration (see Section 2). The coil size is next in 
importance as it determines the practicality of the 
system for implantation followed by resolution since 
the ability to measure micromotion displacements of 
1 μm is one of the specified features of the proposed 
system. Finally, optimising the detectable range of 
micromotion measurement is important to ensure the 
stability and longevity of the implant.  

The specific objectives of the optimization are: 
1. To achieve system error magnitudes of no 

more than 2 % for migration measurement and 
no more than 10 % for micromotion 
measurement, with the initial position of the 
rod between ±4 mm and a small recoverable 
displacement between ± 150 μm;  

2. To minimise the coil size far as possible. 
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3. To allow a resolution of 2 μm for migration 
measurement and 1 μm for micromotion 
measurement; 

4. To allow detectable range of ±150 μm for 
micromotion measurement; 

These objectives are achieved by analysing the 
influence of the bridge parameters on the system 
performance. As noted in reference [3], some 
parameters are fixed throughout the optimization 
process while some (3 and 6) are set as initial 
conditions:  

1. At the beginning of the process the parameters 
R1-4, L0, f and k are available for optimisation; 

2. The coils and the rod are cylindrical and 
coaxial;  

3. The coils are identical so that when the ferrite 
rod is placed at the geometrical centre of the 
structure (i.e. displacement D = 0) the self-
inductance of each is L0 and the coefficient of 
coupling is k; 

4. The initial parameters of the coils are set as 
shown in Fig. 3; 

5. The change in inductance (either coil) at D = 0 
is ΔL for a 1 μm axial shift of the rod; 

6. R1 = R2, R3 = R4 initially (arbitrary values). R2 
and R4 are fixed resistors; 

7. The gain and bandwidth of the preamplifier 
are chosen in advance* (for the bench tests the 
gain was 420 with a bandwidth from 5 kHz to 
120 kHz); 

8. The precision of the variable resistors R1 and 
R3 is 0.1 Ω in the bench tests and will 
ultimately by limited by the use of a 16- bit 
microcontroller; 

9. The amplitude of the a.c. input signal is 0.1 V 
with frequency variable in the range 50 kHz to 
200 kHz; 

10. The source resistance r of the VCO is 50 Ω. 
 
 
4. Optimisation Strategy 
 
4.1. Accuracy Optimization 
 

As already noted, the accuracy of the 
measurement describes the error between the 
calculated and measured results. In other words, it 
reveals the influence of factors that are not modelled 
in the equations describing the operation of the 
system (see [3] and the appendix to this paper). These 
factors include VCO source impedance (r), flux 
leakage and equipment measurement error. Our 
earlier studies [3] suggested that the first of these 
factors, the VCO source impedance, is the most 
significant. However its influence can be minimised 
by a suitable choice of the bridge resistors R1-R4. 
This approach enables the accuracy objective to be 
met whilst ignoring the other factors. 

                                                 
1 Same specification as the system in [3].  

The system calibration algorithm assumes that the 
source resistance r (50 Ω) can be ignored, in other 
words that r << R2 + R4. If this is not the case, 
differences will occur between the calculated and 
measured gradients of the output voltage resulting in 
micromotion measurement errors. A comparison of 
post-calibration gradient errors †  in micromotion 
measurement with different initial values of R2 + R4 
is given in Fig. 4, showing that the accuracy of the 
micromotion measurement is strongly correlated with 
R2 + R4 (the effect of the ratio R2 / R4 on the gradient 
error is weak and a value of 4 was chosen, somewhat 
arbitrarily, for the purpose of these measurements). In 
addition, the errors are always negative when the 
gross axial displacement D is in the range 0 - 4 mm. 
Note the error magnitudes decrease monotonically 
though slowly with D. This is because the calibrated 
values of R1 and R3 increase with D, reducing slightly 
the influence of r on the system operation. Fig. 4 also 
shows that the gradient errors with R2 + R4 = 560 Ω 
are all less than 10 %. It is clear that an initial value 
of 560 Ω for R2 + R4 is large enough satisfy the 
optimization requirement for micromotion 
measurement whilst ignoring the source impedance. 
In contrast to its effect on the gradient of the output 
voltage as a function of displacement, the presence of 
the source impedance does not affect the resistor 
values required to balance the bridge. Migration 
measurement is therefore not affected by the value  
of r.  
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Fig. 4. Output voltage gradient error as a function of the 
initial migration D and the value of R2 + R4. The sensitivity 

of the gradient error to the ratio R2/R4 is weak and R2/R4 
was chosen to be 4. Vin = 100 mV in all cases. 

 
 
Fig. 5 shows the errors between calculated and 

measured results of R1 and R3 after calibration, with 
R2 + R4 fixed at 560 Ω initially, for various values of 
the ratio R2 / R4. It can be seen that the errors of R1 
are always less than 2 %, which is acceptable for 
migration measurement and showing, as was the case 

                                                 
2 The gradient error is defined as: 

%100 x 
gradient  calculated

gradient calculated -gradient  measured  
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for the gradient error, that the calibrated values of R1 
and R3 are insensitive to the ratio R2/R4 (it is 
important elsewhere, however). Note the errors of R3 
are much higher than R1 due to the effect of the AC 
resistance of L1, which is in series with R3 and can’t 

be measured accurately. Therefore by choosing  
R2 + R4 = 560 Ω satisfactory levels of measurement 
accuracy are obtained for both migration and 
micromotion. At this point in the process the initial 
value of R2 + R4 has been chosen. 
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(b) 
 

Fig. 5. Errors of calibrated resistance values of a) R1 and b) R3 as a function of R2/R4. R2 + R4 = 560 Ω. 

 
 
4.2. Size Optimization 
 

As mentioned above, the physical dimensions of 
the coils can be minimized by minimizing L0, i.e. the 
self-inductance of each coil when the ferrite rod is 
placed at the geometrical centre of the structure (D = 
0). According to analysis presented in [3] (see 
appendix), L0 depends on the values of R2 + R4, k and 
the operating frequency of the system, f. Since the 
optimized value of R2 + R4 was chosen to be 560 Ω in 
the previous section and since for practical reasons f 
is restricted to the range 50 kHz - 120 kHz, L0 is 
optimised against k. Given these constraints, Table 1 
illustrates the range of possible values of L0 and the 
corresponding values of k. Note that values of k > 0 
are not considered because the number of iterations 
required by the calibration algorithm increases 
monotonically with k when k is positive, and actually 
fails above a certain threshold [3].  

As already stated, the optimum solution to the 
size problem requires the minimum allowable value 
of L0. From Table 1 this is 757 μH for k = 0, 772 μH 
for k = -0.2, 874 μH for k = -0.5, 1735 μH for k = -0.9. 

Table 1 also shows that the system always operates at 
120 kHz with the optimum L0 whatever k is. All these 
values are calculated using eq. (A.3), showing the 
trend of L0 as k changes. Note that k = 0 is an ideal 
case and only used in calculation, which can never be 
achieved in practice due to the existence of the ferrite 
rod. Clearly a small value of |k| is required to 
minimize the value of L0. At this point in the process 
(R2 + R4) and f have been chosen and the relationship 
between k and L0 is known enabling these parameters 
to be chosen. 

 
 

Table 1. Range of the initial coil inductance L0 at D = 0 for 
an operating frequency in the range 50 kHz - 120 kHz after 

calibration, as a function of k. R2 + R4 = 560 Ω. 
 

k 
Range of L0 (μH) 

with 50 kHz < f0 < 120 kHz 
0 1814>L0>757 

-0.2 1853> L0>772 
-0.5 2097> L0>874 
-0.9 4165>L0>1735 
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4.3. Resolution Optimization 
 

Having completed the accuracy and size 
optimizations, the optimum values of R1 + R3, R2 + R4, 
L0, f and k have all been determined. At this point, the 
only parameter still to be determined is ΔL with the 
initial values of the individual resistors remaining 
free (although we choose R1 = R3 and R2 = R4). Since 
the sums of the resistor values are known (560 Ω), 
finding the ratios is sufficient to determine the actual 
values. Since the values of ΔL, L0 and k are related on 
a one-to-one basis; in principle the value of ΔL can 
also be determined directly. However, the analytical 
relationship between ΔL, L0 and k for a coil pair of 
this type is unknown and so a different approach 
must be sought. In this paper, the problem is solved 
by investigating the relationship between R2/R4 and 
the coil parameters and in particular by finding the 
minimum value of ΔL that allows a resolution of  
2 μm for migration (ΔLm1) and 1 μm for micromotion 
(ΔLm2) using eqns. (A.1) and (A.5) in the Appendix. 
The value of R2/R4 that gives the smallest ΔLm is 
optimum, as the range of ΔL that satisfies the 
resolution requirement is maximized, which makes 
the system parameter choice more flexible. 
 
 
4.3.1. Resolution Optimization for Migration 

Measurement 
 

The minimum values of the gradient of the 
inductance change with 1 μm rod displacement 
(ΔLm1), which gives a 0.1 Ω change in R1,3 with 2 μm 
rod displacement and thus allows a 2 μm resolution 
for migration measurement, are shown in Table 2. 
Note that the gradients of the two coils are assumed 
to be equal, thus all the data in Table 2 represent the 
results around migration D = 0. Table 2 shows that 
ΔLm1 increases with |k| and decreases with R2/R4. As a 
result when R2 + R4 = 560 Ω, a small value of |k| and 
a large value for R2/R4 are preferred, in order to allow 
a wider range for ΔL which gives 2 μm resolution for 
migration measurement. 
 
 
4.3.2. Resolution Optimization for 

Micromotion Measurement 
 
As explained at the beginning of Section 3, the 
micromotion resolution depends on the minimum 
detectable output voltage, which is taken to be 1 mV. 
Therefore, in order to allow a 1 μm resolution for 
micromotion measurement the gradient of the voltage 
at the output of the amplifier should be equal to or 
more than 1 mV/1 μm. As mentioned in the list of 
optimization pre-requisites, the input signal 
amplitude is 0.1 V and the amplifier gain is 420, so 
the minimum required gradient of the output voltage 
of the bridge (i.e. the input voltage of the amplifier) 
should be 2.38 × 10-5 V/μm. Using the expression for 
the gradient of the bridge output voltage given in the 

appendix, the values of ΔLm2 as a function of R2/R4 
and k that allow a 1 μm resolution for micromotion 
measurement are given in Table 3. This data shows 
that ΔLm2 increases with |k| and decreases with R2/R4, 
so that when R2 + R4 = 560 Ω a large value for R2/R4 
and a small value of |k| are preferred to allow a wider 
range of ΔL, as in the case of migration resolution 
optimization.  
 
 

Table 2. Minimum values of coil inductance variations 
with 1 μm rod displacement (ΔLm1) that allow a 2 μm 

resolution of migration measurement around migration  
D = 0, as a function of k and R2/R4. R2 + R4 = 560 Ω. Initial 
inductance values are set to the minimum available values 

shown in Table 1. 
 

k 
R2/R4 0 -0.2 -0.5 -0.9 
1/9 0.34 0.42 0.59 1.47 
1/4 0.17 0.21 0.30 0.74 
1 0.068 0.083 0.12 0.30 
4 0.043 0.052 0.074 0.19 
9 0.038 0.046 0.065 0.17 

 
 

Table 3. Minimum values of coil inductance variations 
with 1 μm rod displacement (ΔLm2) that allow a 1 μm 

resolution of micromotion measurement around migration 
D = 0, as a function of k and R2/R4. 

 
k R2/R4 

 0 -0.2 -0.5 -0.9 
1/9 0.18 0.18 0.21 0.42 
1/4 0.09 0.092 0.11 0.21 
1 0.036 0.037 0.042 0.083 
4 0.023 0.023 0.026 0.052 
9 0.02 0.021 0.024 0.046 

 
 
4.4. Range Optimization 

 
As described in the section of the optimization 

objectives, the minimum required range is -150 μm to 
150 μm for micromotion measurement. As in 
resolution optimization, we consider the ratio R2/R4 
(where R2 + R4 = 560 Ω) and the maximum value of 
ΔL, called ΔLM, that satisfies this requirement. 
Micromotion measurement is based on the linearity 
of the output voltage, which depends in turn on the 
linear range of the amplifier. The CMOS amplifier 
employed for these measurements had a linear range 
at the output of about 500 mV. Since the voltage gain 
is 420, the maximum allowable voltage at the output 
of the bridge (i.e. the input of the amplifier) is about 
500/420 ≈ 1.19 mV. To allow a detectable range of 
150 μm, the voltage gradient at the output of the 
bridge should be equal to or less than  
7.93 × 10-6 V/μm with 0.1 V input voltage. As the 
gradient is proportional to ΔL, there is a maximum 
value of ΔL (i.e. ΔLM) to enable a detection range of  
± 150 μm.  

The values of ΔLM as a function of the coupling 
coefficient k and the value of R2/R4 that satisfy this 



Sensors & Transducers, Vol. 151, Issue 4, April 2013, pp. 113-121 

 119

requirement are shown in Table 4. In order to 
optimize the detectable range of the rod micromotion, 
the inductance variation with 1 μm rod displacement 
(ΔL) should be equal to or less than data shown in 
Table 4, as a function of k and R2/R4. A small value 
for R2/R4 and a large value of |k| are therefore 
preferred, in order to allow a wider range for ΔL to 
achieve a detectable range of ±150 μm for 
micromotion measurement.  
 
 

Table 4. Maximum values of coil inductance variations 
with 1 μm rod displacement (ΔLM) that allow a detectable 
range of ± 150 μm for micromotion measurement around 

migration D = 0, as a function of k  
and R2/R4. R2 + R4 = 560 Ω. 

 
k 

R2/R4 0 -0.2 -0.5 -0.9 
1/9 0.60 0.62 0.70 1.38 
1/4 0.30 0.31 0.35 0.69 
1 0.12 0.13 0.14 0.28 
4 0.075 0.077 0.087 0.18 
9 0.067 0.068 0.077 0.16 

 
 
4.5. Summary of the Results of the First 

Iteration of Optimisation 
 

The analysis above gives the results of the 
optimum parameters values of R1-4, L0 and k that have 
been worked out in the first iteration of the 
optimization process. According to the analysis 
above, the initial values of R1 + R3 and R2 + R4 should 
be assigned 560 Ω for each to optimize the accuracy 
for both migration and micromotion measurement. 
The initial value of R2/R4 should be assigned a large 
value for resolution optimization, while a small value 
for range optimization. In order to resolve this 
conflict a compromise is required and the initial 
value of R2/R4 is set to 1, i.e. R1-4 are all 280 Ω, 
initially. In order to meet the requirements for 
resolution and size optimization for both 
micromotion and migration measurements, |k| should 
be negative and as small as possible. However, this 
conflicts with the requirement for range optimization 
which requires that |k| should be as large as possible. 
In this case k is assigned a negative value close to 0, 
because size and resolution are considered to be more 
important than the range of the system. As R2/R4 =1 
and k is close to 0, the value of L0 should be around 
757 μH (for size optimization).  

To meet the resolution and range optimization 
requirements the value of ΔL should be in a range 
between 0.068 μH and 0.12 μH. If ΔL is not in this 
range, adjustments to L0, k or R2/R4 will be necessary 
to meet the resolution and range requirements. It 
should be noted, however, that the measurements 
reported in our previous paper [3] gave an 
approximate value of 0.07 μH for ΔL, with  
L0 ≈ 760 μH and k = -0.2, both of which are within 
range. Note that setting these parameters optimally 

may perturb values calculated earlier in the process 
and since they are linked, it is necessary to check that 
all the values remain within the prescribed range. 
 
 
4.6. Validation of the Results after the First 

Optimization Iteration 
 

After the optimized values of R1-4, L0 and k have 
been determined, the next step is to go back and 
check if they satisfy the optimization requirements 
listed in Section 3. The relationship between the 
gradient errors of the bridge output voltage and ΔL at 
D = 0 is shown in Table 5, with R1 – R4 = 280 Ω,  
L0 = 757 μH and k = 0. ΔL is set to different values in 
the range between 0.068 μH and 0.12 μH. It is clear 
that the errors are always less than 10%, which 
satisfies the accuracy optimization requirement for 
micromotion measurement. Note that although these 
optimised parameters are only justified for D = 0, 
their validity can be extended to the full range (0  
to 4 mm) since the gradient error reduces with 
increasing of D, as been explained in the section 4.1. 
Since the requirements of the accuracy optimization 
are satisfied with the optimised values of R1-4, L0, k, 
the process can be terminated. These values are:  
R1 – R4 = 280 Ω, L0 = 757 μH and k ≈ 0 and < 0 
around D = 0. A direct comparison with the estimated 
values in [3] is presented in Table 6. 
 
 
Table 5. The gradient error of the output voltage of the 
bridge as a function of ΔL, with R1-4 = 280 Ω, L0 = 757 μH 
and k = 0. 
 

ΔL (μH) 0.068 0.08 0.09 0.10 0.12 
Gradient 

Error (%) 
8.36 8.36 8.36 8.36 8.36 

 
 
Table 6. Comparison of optimised initial parameter values 
calculated in this paper with the experimental values used 
in [3] (all values are at zero initial migration, i.e. D = 0) 
 

Parameter 
Optimized 

Values (this 
paper) 

Values used in [3] 

Resistors R1-4 = 280 Ω 
R1,2 = 400 Ω 
R3,4 = 100 Ω 

Inductance, 
L0 

757 µH 
760 µH (400 turns of 
38 SWG copper wire) 

Coupling 
coefficient, 

k 

≈ 0 (slightly 
negative) 

-0.2 

 
 
5. Discussion 
 

In this paper the system performance has been 
analysed and optimised parameter values have been 
determined. These calculations are based on models 
of the various components, which although not ideal 
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are more accurate than the estimates employed in [3], 
especially the coil parameters.  

Various other approximations and assumptions 
have been made, mostly concerned with the design of 
the coils and the ferrite rod. For example, both of the 
resolution and range optimization were carried out at 
D = 0, i.e. the rod is assumed to be at, or close to, the 
geometric centre of the coils. This is because in this 
case the inductance variations of the two coils with 
rod displacement can be considered to be equal in 
magnitude and in antiphase (the relationship between 
the inductance variations of the two coils becomes 
unpredictable when the rod is located away from the 
geometric centre, which potentially invalidates the 
optimization method). A better model of the 
coils/ferrite rod combination is required for D ≠ 0 
since the value of ∂Vo/∂z declines as the rod is moved 
away from the geometric centre of the coils [3], 
resulting in the values of ΔLm and ΔLM being higher 
than those given in Tables 2 and 3.  

In addition, the outcome of the accuracy 
optimization depends on the model of the signal 
generator employed, in particular its output resistance, 
which was assumed to be 50 Ω. Such a low value 
might be difficult to achieve in a fully-integrated 
system with a limited power budget. However, 
setting aside these limitations, the estimated values 
used in the bench model reported in [3] compare well 
with the optimised parameter values calculated in this 
paper (see Table 6). 

In conclusion, we have presented a step-by-step 
approach to the optimised design of a high precision 
position sensor. Although initially intended for 
orthopaedic applications, the device has a very 
general application. The design procedure has been 
described in detail, its assumptions examined 
critically and the outcomes compared to measured 
data. 
 
 
Appendix 
 
This section provides a summary of the main 
analytical results derived in [3] that are relevant to 
this paper. The transfer function of the bridge shown 
in Fig. 1 is: 
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The effect of the first step of the calibration process 
(frequency adjustment), is to set the imaginary part of 
H1(jω) to zero, i.e.:   
 

IMAG = 0 (A.3) 
 
After calibration, the new values of R1, R3 are R1

’, R3
’. 

Assume that with a small axial displacement z, the 
new values of the L1, L2 and M is L1’, L2

’ and M’, thus 
the new values of a, b are a’, b’. According to eqn. 
(A.1), the new output of the system can be written as: 
 

in
''
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'
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'
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where Av is the gain of the amplifier, Vin is the input 
signal amplitude, REAL’ and IMAG’ are defined in the 
same way as REAL’ and IMAG’ except that R1

’, R3
’ 

replace R1, R3, L1,2
’, M’ replace L1,2, M and a’, b’ 

replace a, b. 
 

Differentiating (A.4) with respect of z (
z

Vo
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gradient of the output voltage): 
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