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Abstract: With the development of the Highway Transportation and Business Trade, vehicle 
weigh-in-motion (WIM) technology has become a key technology and trend of measuring traffic loads. In 
this paper, a novel capacitive flexible weighing sensor which is light weight, smaller volume and easy to 
carry was applied in the vehicle WIM system. The dynamic behavior of the sensor is modeled using the 
Maxwell-Kelvin model because the materials of the sensor are rubbers which belong to viscoelasticity. A 
signal processing method based on the model is presented to overcome effects of rubber mechanical 
properties on the dynamic weight signal. The results showed that the measurement error is less than ±10%. 
All the theoretic analysis and numerical results demonstrated that appliance of this system to weigh in 
motion is feasible and convenient for traffic inspection. 
Key-words:  weigh-in-motion; flexible; capacitance; Maxwell-Kelvin model; viscoelasticity. 
 

1. Introduction 
Nowadays a large majority of freight 

transportation is made by road in most countries, 
and the volume of ground transportation is keep 
increasing as the result of the fast growing industry 
and commerce. Moreover, because of the strong 
competition between transport modes and 
companies, transportation management was 
improved, which has led to an increase in the 
numbers of fully loaded trucks and their gross 
weights. Recently, there have been a significant 
number of vehicles illegally overloaded and the 
damage vehicles cause on the road is in direct 
proportion to the axle weight by 4th power. The 
overloaded transportation would greatly increase 
the cost for the pavement maintenance and repair, 
shorten the service life of pavement, even affect the 
traffic safety and capability. So it is imperative to 
build a Weigh station to solve these problem [1-2].  

Weight information of vehicles acquired by 
static weighing (i.e. does not move) was a 
conventional method which was used widely these 
days. Though the precision of this way to measure 

the gross weight of vehicle is very high, there are 
many disadvantages of the method: it is not only 
expensive but also not possible to measure the 
weight of each axle separately. The most important 
is that it is inconvenient to weigh with stopping 
vehicles in some practical application [3-4].  

Weigh-in-motion (WIM) is the technology for 
measuring the weight of moving vehicles. 
Currently there are two measurement modes of 
weigh-in-motion, namely gross weight and axle 
weight measurement. For gross weight 
measurement mode, the use of a larger scale 
platform caused the increases in difficulty of 
implement and the cost of construction. In contrast 
to axle weight measurement, measured weight of 
each axle separately, then gross weight through the 
system. Today there are four major types of sensors 
that are used for a number of applications 
comprising traffic data collection, and weigh 
station enforcement: piezoelectric sensors, bending 
plate, load cell and optic fiber [5-9].  

A. Piezoelectric Sensors  
Piezoelectric sensors are made from a material 

that generates an electric charge when it is 
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mechanically deformed. This effect was discovered 
by the Curie brothers in the late eighteenth century 
and took its name from the Greek word piezo, 
which means, “I apply pressure”. Particularly when 
pressure is applied to a polarized crystal, the 
resulting mechanical deformation generates an 
electrical charge. When an array of these polarized 
crystals are placed between two metallic plates, an 
externally applied force is converted to a 
proportional charge. This charge results in a 
voltage which is dependent on the external force. 
This type of sensor can be installed directly into a 
slot in the road for permanent applications, or taped 
down for portable applications. 

B. Bending Plate 
Bending plate WIM systems utilize plates with 

strain gauges bonded to the underside. As a vehicle 
passes over the bending plate, the system records 
the strain measured by the strain gauge and 
calculates the dynamic load. The static load is 
estimated using the measured dynamic load and 
calibration parameters. When the pavement is 
asphalt it is necessary to construct a concrete 
foundation to support the bending plate scale, and 
when the pavement is made by concrete, a shallow 
excavation is needed to install the plate. 

C. Load Cell 
Load cell WIM systems utilize a single load 

cell with two scales to detect an axle and weigh 
both the right and left side of the axle 
simultaneously. As a vehicle passes over the load 
cell, the system records the weights measured by 
each scale and sums them to obtain the axle weight. 
The installation of a single load cell WIM system 
requires a concrete vault. 

D. Optic Fiber 
In addition to other uses, fiber optics can act as 

a WIM sensor technology. A fiber optic sensor is 
made of two metal strips welded around an optical 
fiber. The sensor principle uses induced 
photoelastic properties in glass fiber under a 
vertical compressive force. This induces separation 
in two propagating modes: a faster vertical mode 
and a slower horizontal mode. The pressure 

transferred to the optical fiber creates a phase shift 
between both polarization modes, which is directly 
related to the load on the fiber. The technology is 
still fairly theoretical.  

However, the applications of most of these 
sensors have been limited by problems, such as, 
large volumes, difficult installation, high cost and 
inconvenient implement. In this paper, a novel 
capacitance weighing sensor was proposed. 
Conductive rubbers are used as electrodes and 
insulating rubber sandwiches between two 
electrodes. Platform and weighing sensor 
integration has been realized successfully. This 
design significantly reduces volume and weight of 
the WIM sensor and the striking feature of this 
sensor is that it is easy to carry, which can be rolled 
up due to its flexibility. The structure and sensing 
mechanism of the flexible weighing sensor are 
presented in the paper first. Then the measuring 
circuit of the WIM system is introduced. Based on 
this, experiments were performed and results were 
analyzed. 

 

Figure 1. Mechanical construction of the 
capacitive flexible weighing sensor. 

2. Vehicle Weigh-in-motion System 

2.1. Sensor Design 

The sensor adopts a parallel plate capacitor 
structure, as shown in Fig.1, and is formed as a 
sandwich of three electrically conductive strata 
separated by two elastomeric dielectric layers to 
create a two-section electrical capacitor. 
Comparing with the normal capacitor which is 
formed by two electrodes, the structure it is not 
sensitive to electromagnetic interference. 

The sensor weighs utilizing the variation in 
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electrical capacity adapted to be loaded by a force 
to be measured. The conductive strata form the 
plates of a capacitor, and as a weight is applied to 
the sensor the elastomeric dielectric between the 
strata is compressed, the separation between the 
strata is reduced, and the capacitance of the 
weighing sensor increases.  

The conductive strata comprise a conductive 

rubber material having 0.01_/cm volume resistance 

and dimension of 0.5m×0.5m that sold by Beijing 

TPY S&T Co., Ltd. The material has satisfactory 
conductivity. The dielectric layers comprise silica 
rubber bonded to the inner faces of the conductive 
strata. 

The rubber materials of the same type can grow 
together after a period of time because of 
autohension [10]. When choosing dielectric layers 
material between the electrodes, rubbers with low 
molecular diffusivity and little mineral filler (such 
as carbon black) which might enhance autohension 
of rubber materials, should be adopted. Otherwise 

rubber molecule would diffuse to conductive strata, 
which may destroy the conductivity. The dielectric 
layers comprise silica rubber bonded to the inner 
faces of the conductive strata in the experiments. 
The main advantages of the sensor are that: ①light 
weight, easy to carry by rolling it up due to its 
flexibility. ②less susceptible to unevenness of the 
pavement than conventional sensors, which has 
better contact with pavement because of its flexible 
characteristic. ③less susceptible to high frequency 
vibration and impulse which can be absorbed 
because rubber materials have high internal 
resistance.  

2.2. Design of WIM System’s Measuring 
Circuit 

In this paper, the method of capacitance-to- 
voltage (C-v) has been taken to measure 
capacitance. Variation of capacitance which is 
difficult to measure is converted to variation of 
voltage by measuring circuit. Block diagram of 
measuring circuit is shown in Fig.2. 

In many cases, the capacitance to be measure is  

 
Figure 2. Block diagram of measuring circuit. 

 

Figure 3. Measuring circuit and switching wave forms, with stray capacitances shown (Cs1, Cs2). 
small,say a few pF, but stray capacitance between the measurement terminals and earth can be large. 
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Therefore, a stray-immune capacitance measuring 
circuit based on a four-phase is applied [11]. The 
most important features of this measuring circuit 
result in its stray-immunity and high stability. The 
detailed measuring circuit and those square waves 
are shown in Fig.3. 

To measure the unknown capacitance Cx, two 
square-wave signals are applied to two 
complementary metal-oxide-semiconductor 
(CMOS) switches (CD4066), S1 and S2, so that the 
left side of Cx is connected either to Vc or earth. 
The other two square-wave signals are used to 
control the other two CMOS switches, S3 and S4. 

LPC2134 (ARM7 series) sold by Zhouligong 
company is applied to produce 100kHz pulse series. 
There are four 50/50 duty square-wave signals with 
0°, 90°, 180° and 270° phases, which are used to 
control the operation of the measuring circuit. The 
output voltage from the circuit is  
 
 
where f is excitation frequency, Vc is excitation 
voltage, and Rf is feedback resistance. 
Variation of capacitance to be measured is much 
smaller than the natural capacitance of the sensor. 
Therefore, the natural capacitance should be offset 
in order to improve the system accuracy. 
Compensated capacitance Cc is used to offset the 
natural capacitance. In Fig.3 the left side of the 
unknown capacitance Cx is attached to 
compensated capacitance Cc through a phase 
inverter and the other side of Cx is attached to the 
other side of Cc. By the method, the natural 
capacitance is basically offset and the system 
accuracy is improved. 

3. Model 

3.1. Weighing System Model 
The materials of capacitive sensor presented in 

this paper are rubber, so properties of the sensor 
are influenced largely by rubber mechanical 
properties. Rubber materials are viscoelasticity. As 
the name implies, these materials respond to 

external forces in a manner intermediate between 
the behavior of an elastic solid and a viscous liquid. 
Rubber viscoelasticity is mainly manifested in the 
relaxation phenomena [12]. Namely, the central 
importance of the time dependence of the 
mechanical properties of rubber lies in large 
magnitudes of theses dependencies when compared 
to other structural materials. 

In order to gain greater insight into viscoelastic 
mechanical properties, viscoelastic model is set 
which can describe the complex deformation 
characteristic.  
The simplest mechanical model of elastic body is a 
pure Hookean spring (Fig. 4 (a)). This body is 
purely elastic and all inertial effects are neglected. 
Thus if the Hookean spring is subjected to an 
instantaneous stress σ, it will respond 
instantaneously with a strain ε, σ and ε being 
related by the equation 
 

)1(RCV f2U fx0 ⋅⋅⋅⋅⋅= C )2(E ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅= εσ
 
where E is elastic modulus. 
On the other hand, the dominant characteristic of 
fluids is not their elasticity, but rather their 
viscosity. Newton’s law 
 

)3(
dt
d

⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅=
εησ 

is the equation of motion for a model with a simple 
linear viscous behavior, where η is viscosity. The 
mechanical analogue of equation (3) is the dashpot 
element (Fig.4 (b)). 

 
Figure 4. Spring and dashpot model 

The mechanical response of viscoelastic bodies 
such as rubber materials are poorly represented by 
either the spring or the dashpot. So the viscoelatic 
models can be represented by a combination of the 
spring and dashpot elements. Normally, there are 
four major models: Maxwell model, Kelvin model 
and Maxwell-Kelvin model. Maxwell model is a 
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series of a spring and a dashpot, which is usually 
used in considering stress relaxation processes and 
Kelvin model consists of the same fundamental 
elements as the Maxwell model, except here the 
spring and dashpot are in parallel. And Kelvin 
model is usually used in creep processes. The 
responses of both the Maxwell and Kelvin models 
to several kinds of deformation processes are much 
simpler than those of real rubber materials. Thus 
these simple models do not provide good 
approximations of the viscoelastic behavior of 
rubber. In order to overcome these deficiencies, 
Maxwell -Kelvin model is applied that consist of 
combinations of Maxwell and Kelvin elements in 
the paper. 
Maxwell-Kelvin model is a series of a Maxwell 
model and a Kelvin model, as shown in Fig. 5 
which has two spring elements and two dashpot 
elements. Here the springs are ideally linear with 
their strain proportional to the stress applied. The 
dashpots represent a viscous response. The time 
rate of change of the strain of a dashpot is 
proportional to the stress applied. 

 
Figure 5. Maxwell-Kelvin model. 

In all of the individual elements (E1, η1and E2), 
the stress is the same and the total strain ε is the 
summation of the individual strains by each 
element. One can then write: 
 
 
 

Eliminating ε1 , ε2 and ε3 using above equations, 
the relationship between stress and strains can be 
obtained. 

)6(
dt
d

E
1

dt
d

1
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Substituting (6), (7), (10) into the next equation, 
the physical equation of Maxwell-Kelvin model 
can be obtained 
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The model is subjected to an instantaneous 
constant stress σ. Thus equation (11) becomes 
 

)12(
E

dt
dE

dt
d

21

2

2

2
2

2

⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅=⋅+ σ
ηη

ε
η

ε
 
since dt/dσ is zero. 

Solving the differential equation (12) gives 
 )13(C)t

E
exp(Ct 2

2

2
1

1

⋅⋅⋅⋅⋅⋅+⋅−+=
ηη

σε
 
C1 and C2 are constants. 

Due to characteristic of the model and elements, 
when t is zero, one has 

ε3= 0   σ(0+)= σ   ε2= 0 
Solving the equation (13) gives 

)4(
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d
E
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d

E 3
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E
C
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)15(
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C

21
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σσ 
 
which, when substituted into (13) and simplified, 
results in 
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From the equation above, it is clear that 0 ε is 
equal to 1 E σ when t is zero. Namely, there is only 
elastic strain. With time increasing, creep happens 
continuously and the time rate slows down, at last 
the curve tends to an asymptote, as shown in Fig.6. 

In the paper, output signal from the sensor which 
is applied a constant force is shown in Fig. 7 (Note 
the initial jump, the exponential increase). 
Comparing Fig.6 with Fig.7, namely comparing the 
theory with the experimental strain curve, it can be 
seen that the agreement is good. Therefore 
Maxwell-Kelvin model is capable of describing 
mechanical response of the capacitive flexible 
weighing sensor presented in the paper. 

 

Figure 6. Strain curve for Maxwell-Kelvin model. 

 

Figure 7. Response of the sensor after a force 
apply. 

The strain is a function of time when the sensor 
is applied a constant stress. In order to decrease the 
effect of time, the weigh-in-motion system 
presented in the paper only records the 
instantaneous strain produced by the instantaneous 
constant stress, namely elastic strain 0 ε as the axle 

load such as the voltage of A point shown in Fig. 6 
and 7. Applying the method, the accuracy of 
measurement can be improved by removing error 
to the system by time. 
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In the experiment, the output signal from the sensor 
is shown in Fig.9 as the vehicle passes over the 
platform. Because the platform is short, the action 
time is instantaneous (in several hundred 
milliseconds) when vehicle passes over the 
platform at certain speed. The elastic strain of 
capacitive flexible sensor just happens and then the 
stress vanishes. Therefore the system measures the 
peak voltage of curve produced by the two axle of 
vehicle as the elastic strain, calculates the axle 
weights and sums them to obtain the gross weight. 

3.2. Rubber Resilience 

Rubber is deformed when a constant force is 
applied to it. And after an applied force vanishes 
rubber decreases the deformation [13]. 

At the time of t1, a stress - σ which is equal in 
magnitude and opposite in direction is superposed 
to the original. The strain can be obtained from 
equation (16): 

 
 

 
 
 
Two deformations are superposed: 
 
 
 

 
From the equation (18), it can be seen that first 

the immediate drop from unloading is of the same 
magnitude as the initial jump from loading, namely 
the elastic strain 0 ε as shown in Fig. 6. The 
resilience process is fast. Then the speed of 
resilience slows down obviously. The sensor 
response after an applied force vanishes is shown 
in Fig.8. Thus rubber does not return to the original 
length when a vehicle just passes over the platform. 

According to Boltzmann superposition principle, 
two stresses are applied to the rubber at the two 
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different times respectively and the two stresses act 
independently and the resultant strains add linearly. 
Therefore, in theory, the unreturnable part of the 
flexible sensor caused by last vehicle does not 
affect the measurement on the next vehicle due to 
the principle of physical independence of stresses. 

 
Figure 8. Response of the sensor after an applied 
force vanishes. 

The sensor is applied by a weight of 80kg at the 
three different initial values and measured 
respectively. The initial values and the sensor 
reading are shown in Table 1. It could be seen from 
experiment that the variation of capacitance of the 
sensor does not change on the whole due to the 
different initial value. The phenomenon satisfies 
Boltzmann uperposition principle. So the 
unreturnable part does not affect the measurement. 

4. Experimental Results and 

Discussion 
The experiments on dynamic vehicle weighing 

were performed by varying the load. A laboratory 
model of the weigh-in-motion system was used for 
the experiments. The Great wall pickup truck 
cc1021s whose weight is 1650kg was weighed in 
motion. The experimental setup is shown in Fig. 9. 
First, each axle of truck was weighed statically. 
Then the vehicle crossed the platform of the sensor, 
at different speeds: low speed, normal speed, high 
speed. The signals from the sensor is sampled and 
stored in the computer. Experimental data obtained 
with load sorting from 0kg to 420kg at the three 
different speeds are summarized in Table 2. 

Fig. 10 (a) is the axle loads signal generating 
from the capacitive flexible weighing sensor when 

a two-axle vehicle passes over the platform. As a 
vehicle passes over the sensor, capacitance of the 
sensor increases, and the variation of capacitance is 
converted to variation of voltage which can be 
sampled and saved as digital file using 
analogy/digital (A/D) technique by measuring 
circuit. From Fig. 10 (a) it can be seen that original 
signal is affected by noise and is difficult to 
process. Therefore, it is important for signal 
de-noising to remain the accurate characteristics of 
original signal. Recently, the wavelet transform, a 
scale-frequency representation of a signal, has 
become very popular tool in signal processing. 
This transform constitutes a sort of remedy for 
limitation involved in the Short Time Fourier 
Transform resolution, and it is usually applied to 
detection, extraction, compression and denoising of 
signals. The basic idea behind signal processing 
with wavelets is that, like in Fourier analysis, a 
signal can be decomposed into its component 
elements through the use of basis functions. In the 
case of Fourier, the basis functions are sine and 
cosine waves. In the case of wavelet analysis, the 
basis functions consist of the wavelet scale 
function and scaled and shifted versions of the 
mother wavelet function. In the paper, signal is 
brought to the level 8 through the wavelet 
decomposition. The reconstruction of signal is 
based on both the original approximation 
components and the details components modified 
by the hard thresholding operation. The mother 
wavelet function is coif3 that belongs to coiflet 
series. The result is shown in Fig.10 (b) which 
demonstrates the feasibility and applicability of the 
de-noising method. The system measures the peak 
voltage of de-noising curve produced by the two 
axle of vehicle as the elastic strain, calculates the 
axle weights and sums them to obtain the gross 
weight. 

The experimental result turns out that comparing 
the value measured by WIM system to the 
statically measured value, the maximal error of 
vehicle’s gross weight is ±7.72% and average error 
is ±1.715%, whose accuracy surpasses error of 
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gross weight is ±10% when confidence is 95%. It 
has been shown that the capacitive flexible 
weighing sensor can be used in the vehicle 
Weigh-in-Motion system, and the obtained results 
are successful and satisfying. Fitting a 
Maxwell-Kelvin model to the strain response of the 
sensor demonstrates the model can expose the 
characteristics of the sensor. 

5. Repeatability of the Sensor 

A hydraulic universal material testing machine is 
used for the application of pressure. Three 
experimental results under the same loading 
conditions are compared in Fig.11 demonstrating 
that the capacitive flexible weighing sensor has 
good repeatability. 

6. Conclusion 

Weigh-in-motion is a method of weighing which 
can be applied in all situations where variable 
dynamic loads occur. Many existing weighing 
sensors have been limited due to large volumes, 
hard to install, high cost and inconvenience to carry. 
A novel capacitive flexible weighing sensor 
constructed by rubber materials is proposed in the 
paper. The electrodes of the capacitor are made by 
conductive rubber and the gap materials between 
the electrodes are insulting rubbers with low 
molecular diffusivity. The main advantage of the 
sensor is easy to carry, which can be rolled up due 
to its flexible characteristic. A major contribution 
of this paper was to expose the viscoelastic 
characteristics of the sensor response and to 
suggest methods for dealing with these 
characteristics. Theoretical analysis and 
experimental results are presented. The results 
verify that using the sensor to weigh in motion is 
feasible. In the paper, only the experiments under 
the slow speed conditions have been performed and 
the accuracy of WIM measured vehicle weights has 
not been affected obviously by speed. So in the 
future, the experiments under the high speed 
conditions could be performed and the effect of 
speed is to be studied. Other works such as 

temperature properties of the sensor, installation 
issues and effects of geometrical form of stressed 
part are to be studied. Furthermore, the measuring 
results should be transmitted and displayed by 
using wireless transmission technology with a view 
to designing really portable weighing equipment. 
The flexible sensor should be further improved on 
materials, measuring circuit and so on in order to 
achieve the higher precision. 
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Table 1. Measured values at the different initial values 
 
 
 
 
 

Table 2. Measurement results and accuracy of WIM data. 
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Figure 9. Experimental setup. 

 
Figure10. Response of the sensor to a passing vehicle: (a) the original signal; (b) the de-noised signal. 
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Figure11．Three experimental results under the same loading conditions 
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