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Abstract
To improve reliability of automobile tires and anti-lock braking system (ABS), intelligent tires that measure strain of tires are increasingly
demanded. The high stiffness of an embedded sensor like a strain gage, however, causes debonding of a sensor from tire rubber. In a previous study,
the authors proposed a wireless strain monitoring method that adopts a rectangular tire specimen as a sensor with a tuning circuit. Compared to the
tire specimen, an actual tire has a large hysteresis between the measured strain of the inner tire surface and the capacitance in a tire belt. The large
hysteresis in the actual tire makes it difficult to measure a tire strain precisely. In the present study, to measure the strain precisely, multiple power
spectrum features of the sensor output are used to estimate the strain with a statistical method. As the spectral features, a peak power spectrum and
a sharpness of the resonance in addition to a tuning frequency are used for the estimating. As a result the experiments demonstrate that the method
is effective for the passive wireless strain monitoring of actual radial tires.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
As a result of the recall of Firestone Co. tires in 2000, U.S.
Transportation Recall Enhancement, Accountability and Documentation (TREAD) legislation has mandated the installation
of Tire Pressure Monitoring Systems (TPMSs) [1–10]. A simple method for TPMS is based on indirect measurement using
wheel speed sensors and electronic control unit (ECU) of antilock braking system (ABS) [1,2]. The indirect measurement,
however, depends on the type of the tire and needs calibration, which causes low reliability. Direct measurement of TPMS
has been developed using clamp-on-rim sensors by SmarTire
System Inc. in Canada or valve-attached sensors by Schrader
Electronics Ltd. in UK. Although these methods have high accuracy and reliability for the pressure monitoring, they need battery
to activate the sensors. For a battery-less TPMS, Snyder [3] proposed piezoelectric reed included in a tire sensor unit. The wheel
movements cause the piezoelectric reed to bend and generate
electricity.
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Advanced tire sensor system is under developing as “intelligent tire” which is equipped with a sensor to monitor strain,
air pressure, temperature, etc., of a tire to improve automobile safely [11–23]. In Europe, a EU-project named APOLLO
(2002–2005) [4] was started to develop intelligent tires. A tire
strain monitoring system that has sensors transmitting the tire
strain to ABS or electronic stabilization program (ESP) systems is demanded to enhance security of tires. Contrary to the
indirect measurement of friction between a tire and a load surface based on the wheel slip [24,25], the direct monitoring of
tire strain allows precise measurement of friction, and hence it
increases the efficiency of ABS. As a direct method for tire strain
monitoring, Pohl et al. [11] proposed surface acoustic wave sensors, and Palmer et al. [12] proposed optical fiber sensors to
monitor strain of the tire. Intelligent tires also offer beneficial
effects for the other advanced active safely systems such as traction control systems (TCSs) and vehicle stability assist (VSA),
early detection of tire separation [13] and tire-burst prevention
[14].
The key technology for the intelligent tire sensor is
direct measurement, wireless data transmission, battery-less
power supply and low stiffness sensor. The stiffness of the
integrated or attached sensors is usually much higher than
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that of tire rubber. The large difference in stiffness may
disturb deformation and stress of tires; it may also cause the
debonding of sensors and rubber over a long period use. The
attached sensors are also easily damaged by fatigue of 106
cycles during tire lifetime or abrupt large deformation. A
wireless monitoring is indispensable because a tire usually
rotates.
In the previous study [15–20], we have demonstrated
dynamic strain monitoring of tires using a change in capacitance of a tire itself. The proposed sensor module using tuning
circuit is passive type and does not need any power supply [20].
In this method, the capacitance change between two adjacent
steel wires in an actual tire belt is adopted as a strain sensor.
Since the tire itself performs as a sensor, the sensor does not
cause the debonding from the tire surface. The proposed system was applied to a tire specimen. The specimen is a rectangle
belt part cut from a commercially available radial tire in size of
270 mm in length and 20 mm in width. The deformation of the
steel wire in the specimen is limited in the in-plane direction. As
a result, the output of the tuning frequency changes linearly to
the applied tensile strain to the tire specimen. This linear change
in the tuning frequency enables us to measure the applied strain
precisely.
The structure of an actual tire is, however, three-dimensionally layered with a carcass, a belt and a tread. Moreover,
in the actual tire, a compressive load is applied to a tire due to
contacting a road surface. It causes a bending load to an actual
tire surface unlike the tensile test using a tire specimen. Compared to the tire specimen, the actual tire has a large hysteresis
between a strain of the inner tire surface measured by means of
an attached strain gage and the capacitance in the tire belt. The
hysteresis is caused by following reasons: the deformation paths
in loading and unloading are different from each other due to the
complexity of the actual tire structure; the viscoelastic belt in the
actual tire deforms delaying against the deformation of an elastic strain gage, while the deformation of the thin tire specimen
does not delay because it behaves like an elastic material due to
the adhesion of a strain gage. The large hysteresis in the actual
tire makes it difficult to measure a tire strain precisely because
the each capacitance value corresponds to two different strain
values.
Since the tire rubber is not pure dielectric material and
acts also as an electrical resistor [21], it can be assumed as a
capacitance–resistance parallel model. To measure a tire strain
precisely, we utilize multiple kinds of variables: the electric
resistance and the capacitance of an actual tire. The values of
the multiple variables enable us to know whether the condition
is loading or unloading, and it is possible to measure the strain
precisely.
In the present paper, the effects of the deformation of the tire
belt on the electric resistance and the capacitance are experimentally investigated. The tuning circuit is employed here to transmit
the electric resistance and the capacitance data wirelessly to an
external receiver. To measure the tire strain precisely and wirelessly, multiple spectral features of the sensor output instead of
the electric resistance and the capacitance are used for estimating the strain with a statistical method. As the spectral features, a

peak power spectrum and a sharpness of the resonance in addition to the tuning frequency are used for the estimating. The
tuning frequency and the peak power spectrum reflect the capacitance and the electric resistance, respectively, the sharpness of
the resonance reflects both the electric resistance and the capacitance. Although the resonance point features like the tuning
frequency and the peak power spectrum are easily affected by
an environmental noise, the sharpness of the resonance is not
affected because it is measured using whole power spectrum
shape. Using these multiple spectral features and a statistical
method, the proposed sensor system is applied to a commercially
available tire, and the applicability of the proposed sensor is
examined.
2. Wireless strain monitoring system
2.1. Structure of tire belt
The passive wireless strain measurement system employs
a tire itself as a sensor. Fig. 1 shows a typical radial tire’s
inner structure. Carcass fibers are perpendicular to the beads
wire on radial tires as shown in Fig. 1. The carcass’s function is to maintain the shape of the tire. Usually the carcass
fiber is an organic fiber such as polyester. On the carcass fiber
layer, steel wire layers are mounted similarly to cross-ply laminates of composite materials. These fibers are coated with
rubber, and the tread rubber layer is mounted on the steel
wire layers, as shown in Fig. 1. Tread deformation is transferred to the steel wire layers. This transferral implies that
measurement of the steel wire layer strain indicates the tire tread
deformation.
In the steel wire layer, the steel wire is a straight electrically
conductive material; the rubber is a dielectric and electrically
resistive material. Fig. 2 shows a couple of adjacent steel wires.
In this figure, the steel wires are placed face-to-face; the dielectric rubber is inserted between the two steel wires. Electric
voltage is charged between the steel wires. This structure thereby
represents a parallel circuit of an electric resistor and a condenser. The adjacent steel wires are electrodes of these electric
resistor and the condenser.
Let us consider the adjacent steel wires are given electric
charges per unit length, q, −q, respectively. From Gauss’ law,
the electric field on the line through centers of the adjacent steel

Fig. 1. Inner structure of a steel wire-reinforced radial tire.
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Eq. (1) gives the difference in potential between adjacent steel
wires, V, as follows:


 a
q
d−a
Er dr =
ln
(2)
V =−
πε
a
d−a
where a is a radius of a steel wire in the tire.
Eq. (2) shows the electric capacitance of the condenser per
unit length, C, as follows:
C=

q
πε
= d−a
V
ln a

(3)

Considering the tire rubber as an electric resistor, the electric
resistance between electrodes is expressed as follows:
R=ρ

Fig. 2. Electric resistor–condenser parallel model of a steel wire belt in a radial
tire.

wires, E, at distance, r, from a steel wire as shown in Fig. 2 is
given as follows:
q
q
Er =
+
2πεr 2πε(d − r)

d
2al

(4)

where ρ is resistivity of the rubber.
The spacing d is enlarged when the steel wire layer is elongated, implying that the capacitance is reduced from Eq. (3),
and the electric resistance increases from Eq. (4). This indicates
that the tire deformation alters the tire’s electric resistance and
the capacitance. The changes in the electric resistance and the
capacitance of the tire belt enable us to know the applied strain
of the actual tire.
2.2. Tuning frequency and peak power spectrum

(1)

where ε is the dielectric constant of the tire rubber and d is the
spacing between the adjacent steel wires.

The present study adopts a simplified passive tuning circuit
for sending the change in the electric resistance and the capacitance of tires to an external receiver wirelessly. Fig. 3 shows
a schematic image of the present passive wireless monitoring

Fig. 3. Schematic image of the wireless passive strain measurement system.
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system. Systems comprise an external transmitter, a strain sensor and an external receiver. The wireless strain measurement
system uses four antennas, including one for the output of the
external transmitter, two for the input and the output of the sensor module and one for the input of the external receiver. The
antennas are wire type and 150 mm long. This monitoring system
provides following advantages. First, the tire itself is adopted as
a sensor. Thereby, this method avoids sensor debonding during
a long period use and disturbance of the tire stress and deformation field. Second, the strain sensor system is a passive wireless
type. Such a passive wireless sensor requires no batteries to activate the sensor circuit. This battery-less system achieves weight
reduction and long-term stabilization.
The transmitter is employed here to emit radio waves of white
noise. It is easily produced using a normal function generator.
The transmitted white noise is picked up with the tuning circuit
antenna. The tuning circuit comprises the inductance (L in henries) of a coil, the tire electric resistance (R in ohms) and the tire
capacitance (C in farads). This is a pure LCR parallel resonator
circuit The combined admittance of the resonant circuit, Y, is
given as follows:


1
1
Y = + j ωC −
(5)
R
ωL
√
where j is −1 and ω is the radian frequency in hertz.
The right side of Eq. (5) (ωC − (1/ωL)) is set equal to zero to
find the tuning frequency of strain sensor, ft :
ft =

ω
1
√
=
2π
2π LC

(6)

From Eq. (5), the admittance at the tuning frequency, Y0 , is
given as follows:
1
Y0 =
R

(7)

The peak power spectrum at the tuning frequency, Pp , is given
as follows:
I2
Pp =
= I 2R
Y0

(8)

where I is applied current to the LCR parallel circuit.
Eq. (6) shows that the increase in the capacitance C decreases
the tuning frequency ft , and Eq. (8) shows that increase in the
electric resistance R increases the peak power spectrum Pp when
the inductance L is fixed.
When the applied stress deforms the tire specimen, the change
in the spacing between steel wires causes the change in the electric resistance and the capacitance of the tire belt. Consequently,
deviation occurs from the tuning circuit resonance as the tuning
frequency and the peak power spectrum. The tuned radio wave at
the frequency ft is picked up at the external receiver. The tuning
frequency and the peak power spectrum of the received wave are
calculated by means of fast Fourier transform (FFT). Eqs. (6)
and (8) show that measurement of the tuning frequency and the
peak power spectrum indicates the changes in the tire’s electric
capacitance and the resistance, respectively.

Since the antenna at the external receiver receives the signal
from the sensor as well as the direct signal from the transmitter,
electromagnetic shield is needed between the white noise area
and sensor output area. The white noise area includes the output antenna of the external transmitter and the input antenna of
the sensor module. The sensor output area includes the output
antenna of the sensor module and the input antenna of the external receiver. In a practical use, the output antenna of the external
transmitter and the input antenna of the sensor are placed inside
of the tire, and the output antenna of the sensor and the input
antenna of the external receiver are placed outside of the tire
such as a outer surface of the wheel.
2.3. Quality factor
The sharpness of the resonance is widely expressed as quality
factor Q. The quality factor is defined by the half power bandwidth (HBW) method otherwise known as the 3 dB method [26].
The half power points are points where the amplitude response
is reduced by 0.707 of its peak value or at which the power drops
to 3 dB level. The quality factor is expressed as follows:
Q=

ft
f2 − f 1

(9)

where f1 and f2 are frequencies when the voltage drop E is the half
value of the E0 at the tuning frequency. Since the voltage drop
E is in inverse proportion to admittance Y, following equation is
obtained:
|E|
Y0
1
=
(10)
= 
2

E0
|Y |
1
1
R R2 + ωC − ωL
Since the fraction E/E0 is 1/2 when the frequency is equal to
f1 or f2 the frequency f1 and f2 are the root of following equation:


1
2πfC −
R = ±1
(11)
2πfL
Solving Eq. (11) for frequency f the frequency f1 and f2 are
obtained as follows:

1
f1 f2 =
(12)
(±L + L2 + 4LCR2 )
4πLCR
From Eqs. (6), (9) and (12), the quality factor Q of the parallel
LCR resonance is expressed as follows:

C
Q=R
(13)
L
Eq. (13) indicates that the quality factor Q is in proportion to
the electric resistance and square root of the capacitance of the
tire.
The strain measurement of the tire is conducted by using the
changes in the electric resistance and the capacitance due to
the deformation of the tire steel belt. The change in the tuning
frequency corresponds to the change in the capacitance of the
tire; the change in the peak power spectrum corresponds to the
change in the electric resistance. Thus, monitoring the tuning
frequency and peak power spectrum enables us to know the
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electric resistance and the capacitance of the tire. To improve
the accuracy of estimation, the quality factor is added to the
measurement data because the quality factor is measured by
using the whole spectrum figuration, and more stable than the
tuning frequency or the peak power spectrum. The applied strain
of the tire, y, is estimated using three measurement data, ft , Pp
and Q instead of C and R as follows:
y = g(C, R) = f (ft , Pp , Q)

(14)

When multiple channels of N are demanded, the required
number of sensors is N in this case, but only a single receiver
is needed. To distinguish each output signal, each sensor has
to use different initial tuning frequencies from each other: f1 ,
f2 , . . ., fN . The power spectrum of the sensor of the number i, Pi , has a peak at the initial tuning frequency fi . The
power spectrum P of the received signal with the external
receiver is the sum of the power spectrum Pi of each sensor as
follows:
P=

n


Pi (f )

(15)

i=1
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as follows:
y = β0 + β1 x1 + β2 x2 + β3 x3 + β4 x12 + β5 x22 + β6 x32
+ β7 x1 x2 + β8 x2 x3 + β9 x3 x1

(17)

Substituting as x4 = x12 , x5 = x22 , x6 = x32 , x7 = x1 x2 ,
x8 = x2 x3 and x9 = x3 x1 , Eq. (17) becomes a liner regression
model as follows:
y = β0 +

9


β i xi

(18)

i=1

In the case that the total number of experiments is n, the
response surface can be expressed as follows using matrix
expression:
Y = X␤ + 

(19)

where Y is response vector, X the experimental coordinate, ␤
the coefficient vector and  is error vector.
The unbiased estimator, b, of the coefficient vector ␤ is
obtained using a least square error method as follows:
b = (XT X)

−1

XT Y

Since the power spectrum, P, has N peaks at the each initial
tuning frequency, fi , measurement of the frequency change of
each peak enables us to obtain the electrical resistance changes
of the multi-channels when each peak of the initial frequency
has enough spacing.

In order to judge the goodness of the approximation of
the response surface, the adjusted coefficient of multipledetermination R2adj is used.

2.4. Response surface method

R2adj = 1 −

For an actual tire, it is very difficult to find the precise model
how the electric resistance and the capacitance change due to
the deformation of tire because of the complexity of the tire
structure. The response surface methodology [27] is adopted as
a solver for the prediction of the applied strain to the actual
tire. The response surface is a widely adopted tool for quality
engineering fields. The response surface methodology brings
two advantages: the inverse problems can be approximately
solved without consideration of modeling of functions, and the
approximated response surface can be evaluated using statistical
tools.
The tire strain is estimated from measured multiple spectral
features such as the tuning frequency, the peak power spectrum
and the quality factor using response surface method. The complicated three-dimensional deformation of tire be It is easily
approximated statistically. For most of the response surfaces,
the functions for the approximations are polynomials because
of the simplicity.
For the cases of quadratic polynomials, the response surface
is described as follows:

where SSE is the square sum of errors and Syy is the total sum
of squares.
Each coefficient of the response surface can be tested by
using t-statistic. When the absolute value of the t-statistics is
smaller than the threshold value of t-distribution (t0.025, n−k−1 ),
the coefficient is eliminated from the response surface as a nonsignificant coefficient to obtain higher R2adj .

y = β0 +

k

j=1

βj xj +

k

j=1

βj xj2 +

k 
k


βij xi xj

(16)

i=1 j>i

where k is the number of variables. In this study, the tuning
frequency, the peak power spectrum and the quality factor are
the variables: x1 , x2 and x3 . The response surface is expressed

SSE /(n − k − 1)
Syy /(n − 1)

(20)

(21)

3. Experimental procedures
3.1. Measurement of electric resistance and capacitance
The shoulder part of the tire tread is cut off to measure the
electric resistance and the capacitance between the electrodes in
the tire belt as shown in Fig. 4. The lead wire is soldered to the
steel wire of the tire belt and used as electrodes for measurement
of the electric resistance and the capacitance. The capacitance
between two adjacent steel wires is about 30 pF. This capacitance
value is too small to use as a capacitor in the circuit because
it is easily affected by the stray capacitance in the sensor circuit or between the electric elements. Inter-digital electrodes as
shown in Fig. 4, therefore, have been developed as the measurement electrodes to increase the change in the capacitance [19].
A conventional strain gage for rubber is attached to the inner
surface of the tire for measurement of the tire strain. The electric resistance and the capacitance are measured by using LCR
meter produced by HIOKI E.E. Corp., at measuring frequency
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constants which have to be adjusted in order to agree with the
experimental data, high calculation cost is required.
The quadratic polynomial approximation is possible using
inverse of Lorentzian function as follows:
 2
(f − µ)2 + 21 Γ
1
=π
(23)
= k0 f 2 + k1 f + k2
1
P(f )
Γ
2
where k0 , k1 and k2 are the coefficients which are easily obtained
using least square method without high calculation cost.
From Eq. (23), the tuning frequency ft , the peak power spectrum Pp and the quality factor Q are calculated as follows:
ft = −

k1
2k2

Pp = k2 −

(24)
k12
4k0
−k1

Q=
4

k0 k2 − 41 k12

(25)
(26)

4. Experimental results and discussion
Fig. 4. Alignment of inter-digital electrodes of the tire belt.

4.1. Electric resistance and capacitance
of 100 kHz. Appling strain to the tire is performed using a tensile testing machine produced by SHIMAZU Corp. at crosshead
speed of 2 mm/min.
3.2. Tuning frequency, peak power spectrum and quality
factor
The sensor module is produced using the coil inductance of
100 H as a sensor coil L. The output wave transmitted from a
sensor module is picked up at the antenna of an external receiver
wirelessly. The received wave is analyzed using a digital oscilloscope produced by LeCroy Ltd. Co.
The quality factor of the power spectrum is obtained using
the frequency f1 and f2 at HBW as shown in Eq. (9). The problem in the used of the 3 dB method lies in the basic procedure
to find the half power points. The obtained power spectrum is
discrete instead of a continuous function, and not necessarily
including the tuning frequency or the 3 dB bandwidth. Since this
reduces the accuracy of measurement of the tuning frequency,
the peak power spectrum or the quality factor, they have to be
determined from the measurements by applying digital algorithms. In this study, the non-linear fitting to a Lorentzian curve
is applied to estimate the spectral features precisely and robustly
[28–30]. The Lorentzian function used as approximation function is expressed as follows:
P(f ) =

1
π

1
2Γ

(f − µ)2 +



1
2Γ

2

Fig. 5 shows the frequency response of the capacitance
and the phase angle of an actual radial tire under no loading condition. The phase angle is between 0◦ and −90◦ under
1 MHz. This indicates that the belt in the actual tire can be
assumed as a parallel circuit model of an electric resistor and a
capacitor.
Fig. 6 shows the measured strain in the radial and longitudinal
direction to the tire rotation due to the applied compressive loads
when the sensor part is located at the road surface as shown in
Fig. 7. The abscissa is crosshead displacement and ordinate is
the measured strain by means of the attached strain gage. The
strain in the longitudinal direction of the inner surface of the tire
increases, and that in the transverse direction decreases with the
increased compressive displacement.
Fig. 8 shows the changes in the electric resistance and
the capacitance due to the applied strain using inter-digital

(22)

where Γ is full width at half maximum (FWHM) and µ is the
frequency at mean power spectrum. Since these Γ and µ are the

Fig. 5. Frequency response of the phase angle and the capacitance of a radial
tire.
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Fig. 6. Measured longitudinal strain and transverse strain vs. displacement due
to loading and unloading.

electrodes on the tire belt. The abscissa is the measured strain
in the longitudinal direction and the ordinate is the measured
electric resistance and the capacitance. The electric resistance
increases and the capacitance decrease with the increase
of the applied strain. This is because that the inner surface
at the contact point to the road surface is subjected to the
tensile strain, which increases the spacing between steel wires.
There is a large hysteresis of the measured electric resistance
and the capacitance during loading and unloading, which
makes it difficult to predict the strain precisely using only one
variable of the electric resistance or the capacitance. Since the
change in the capacitance is large enough, 600 pF, using the
inter-digital electrodes, the effect of few stray capacitance is
negligible.
4.2. Tuning frequency, peak power spectrum and quality
factor
Fig. 9 shows the calculated tuning frequency, the peak power
spectrum and the quality factor obtained from Eqs. (6), (8) and
(13) using the experimental results of the changes in the electric

Fig. 7. Experimental setup for tire compression test.

Fig. 8. Measured relationship between electric resistance, capacitance and strain
using inter-digital electrodes: (a) electric resistance and (b) capacitance.

resistance and the capacitance as shown in Fig. 8(a and b). The
abscissa is tire strain in the longitudinal direction, and the ordinate is the change ratio in the spectral features, f/f0 , Pp /Pp0
and Q/Q0 . The tuning frequency, the peak power spectrum and
the quality factor increase with the increase of the applied strain
as shown in Fig. 9. The figuration of power spectrum, therefore, changes with the applied strain as shown in Fig. 10: the
mean frequency and maximum power spectrum increases and
the spectral peak becomes sharper.
Fig. 11 shows the power spectrum of output fro ma sensor module using the tire belt as a sensor. The abscissa is the
frequency and the ordinate is power spectrum. In the actual
monitoring, the spectrum is swept from 450 to 625 kHz, and

Fig. 9. Calculated ft /ft0 , Pp /Pp0 and Q/Q0 from Eqs. (6), (8) and (13).
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Fig. 10. The change in the power spectrum figuration due to loading.
Fig. 13. Measured relationship between the change in the peak power spectrum
and strain due to loading and unloading.

Fig. 11. Measured power spectrum of wirelessly received signal at external
receiver.

the tuning frequency, the peak power spectrum and the quality
factor are obtained from the power spectrum using Lorentzian
curve fitting in Eq. (23) as shown in Fig. 11.
Figs. 12–14 show the wirelessly measured tuning frequency,
the peak power spectrum and the quality factor due to the loading
and unloading tests using an actual tire. The abscissa is measured
strain and the ordinate is the change ratio in the spectral features,
f/f0 , Pp /Pp0 and Q/Q0 . The tuning frequency decreases
until the strain of 1000  and increases after 1000 . Since the
tuning frequency does not change linearly to the applied strain,
it is difficult to estimate the applied strain using only tuning fre-

Fig. 12. Measured relationship between the change in the tuning frequency and
the strain due to loading and unloading.

Fig. 14. Measured relationship between the change in the quality factor of resonance and strain due to loading and unloading.

quency data. The peak power spectrum and the quality factor
change monotone increasing. Figs. 12–14 agree with the calculated results as shown in Fig. 9. These results confirm that
the changes in the tuning frequency, the peak power spectrum
and the quality factor are caused by the changes in the electric
resistance and the capacitance of a tire.
Using the relationship between the spectral features and
the applied strain, multiple regress function is obtained using
response surface method. High accurate estimation is possible
using three variables over the large strain range. Fig. 15 shows

Fig. 15. Estimated strain and measured strain of tire.

R. Matsuzaki, A. Todoroki / Sensors and Actuators A 126 (2006) 277–286
Table 1
Comparison of R2adj using different parameter

ft
Q
Pp
ft and Q
ft and Pp
Q and Pp
ft , Q and Pp

Loading

Unloading

Loading and unloading

−0.043
0.781
0.791
0.955
0.977
0.791
0.996

0.502
0.927
0.909
0.961
0.982
0.981
0.998

0.292
0.708
0.806
0.930
0.919
0.730
0.974

the estimation results substituting the tuning frequency, the peak
power spectrum and the quality factor to the multiple regression
model. The abscissa is the measured strain by means of a strain
gage, and the ordinate is the estimated strain using response
surface method. In this figure, the open circle symbols indicate
experimental data used for making the regression model, and
the solid triangle symbols show new experimental data. Since
the R2adj is 0.974, the accuracy of the regression is high. The
new experimental data are among the error band of 500  strain.
Since the strain of the tire neither be measured nor obtained in
the commercially available automobile, this estimation accuracy
is enough useful for improving the automobile control. Table 1
shows the accuracy of estimation using the other variable sets as
the response surface. The column shows the R2adj that response
surface is made from only loading data, only unloading data
or both loading and unloading data. From Table 1, the highest
accurate estimation is obtained using three variables of ft , Pp
and Q.
5. Concluding remarks
The wireless strain measuring method is proposed using the
electric resistance and the capacitance model of a tire belt The
sensing system uses the changes in the tuning frequency, the
peak power spectrum and the quality factor, and response surface
method is used for the estimation of the applied tire strain.
(1) The electric resistance decreases and the capacitance
increase with the applied strain to an actual radial tire.
(2) The tuning frequency, the peak power spectrum and the
quality factor increase with the applied strain. The tuning
frequency corresponds the capacitance, and the peak power
spectrum corresponds the electric resistance.
(3) Using the spectrum features of the tuning frequency, the
peak power spectrum and the quality factor, the tire strain
is estimated accurately using response surface method.
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