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Abstract

From a traffic safety point of view, there is an urgent need for intelligent tires
which can optimize braking control by estimating the slip ratio and friction
coefficient between a road surface and an automobile tire. The present study
develops concurrent monitoring of frictional and vertical loads applied to the tires
from the inner tire strain data for estimating the road/tire friction coefficient, which
enables optimization of vehicle control and implementation of a road condition
warning system. The tire strain is obtained using a three-dimensional digital image
correlation method with a single wireless CCD camera attached to the wheel rim
inside the tire. The procedures of the applied load estimation decompose the
measured strain into the frictional and vertical strain components using their
symmetrical and anti-symmetrical characteristics. Static tire rotation tests were
carried out, and the applied loads were estimated from the inner tire surface strain
distribution. Compared with the actual applied loads measured from strain gages
attached to the experimental apparatus, it was confirmed that the vertical and
frictional loads can be estimated independently with adequate accuracy.
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1. Introduction

There is an urgent need, from a traffic safety point of view, for intelligent tires
equipped with sensors for monitoring applied strain ®7 and tire pressure
monitoring systems ®'*, which are now mandatory in the United States !* '
These intelligent tires are effectively improving reliability and control systems such
as anti-lock braking systems ', The key factors for intelligent tire sensors are
the development of direct tire deformation or strain measurements, and the
demonstration of a typical model of strain data for improved safety and comfort, as
well as providing additional features that can be used in other aspects of automotive
safety and design .

For the sensors, Pohl et al. ®"** have showed that it is possible to monitor
road surface friction utilizing the deformation of the tread elements by using SAW
sensors fixed on the interior surface of tire rubber. Yilmazoglu et al. ** used
magnetic field sensors implanted in tire rubber for the detection of tread
deformation. Matsuzaki et al. also developed a patch type strain sensors for
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intelligent tires based on changes in capacitance ***®. The sensor uses a very soft
material so that it does not interfere with the tire deformation and avoids debonding.
Another sensor proposed is a self-sensing method that uses the embedded steel wire
in the tire itself as the sensor *”. This has the advantage that an attached sensor is
not needed and debonding problems are ecliminated. However, these sensors
measure only local strain are not capable of measuring momentary strain
distribution. To address this issue, an optical method was developed for the
concurrent monitoring of in-plane strain and out-of-plane displacement (rolling
radius) ® *. The optical method enables contact-less measurement of full-field
strain distribution. The in-plane strain and out-of-plane displacement are calculated
using a three-dimensional digital image correlation method (3D DICM) with an
image of the interior surface of a tire that is taken with a single CCD camera fixed
on the wheel rim, whereas conventional 3D DICM uses tomography images “” or
stereo vision ",

The general model for the application of strain data was investigated for an
optimized braking control and road condition warning system by the authors 2.
The relationship between strain sensor outputs and tire mechanical parameters,
including braking torque, effective radius and contact patch length, were calculated
using finite element analysis. An estimating method for the slip ratio and frictional
coefficient between the road and tire surface was proposed. Here the friction
coefficient p is a key parameter indicating the braking/accelerating efficiency, and
is defined by the longitudinal tire force (frictional force), F, divided by the normal
force (wheel load), F,: u=F./F,. The road condition warning would be actuated if
the recorded friction coefficient at a certain slip ratio was lower than a ‘safe’
reference value. However, the study only investigated the situation in which either
the vertical or the frictional load changed while the other was assumed constant.
Because both the frictional and vertical loads alter the strain data, an independent
estimation method that separates frictional and vertical loading effects on the strain,
is needed.

Our previous study ®* proposed a concurrent estimating method for frictional
and vertical loads applied to a tire from the tire strain data when both loads were
changing. Finite element method (FEM) analysis was used for simulating tire
deformation under various wheel loads and braking torques, and the relationship
between the strain distribution and the applied loads were investigated. However,
the investigation was limited in the simulation analysis, and the practical model for
obtaining tire strain distribution for estimating the applied load has not been
constructed.

In this study, we construct a novel applied load estimation system combined
with 3D DICM with a single wireless CCD camera attached to the wheel rim inside
the tire as shown in figure 1. The advantage of the system is that is noncontact to tire
surface, obtaining information of 3D tire deformation, compatible with wireless system,
easy to install in the tire and control system, and can be performed in real-time. In this
proposed system, the tire surface deformation was obtained by noncontact optical
method; the data were sent wirelessly to the external equipment using a wireless
transmitter; the strain distribution was calculated using 3D DICM outside the tire.
Finally, the applied loads were estimated from the actual inner tire surface strain
distribution to demonstrate the proposed intelligent tire. The estimation accuracy of
the applied loads was investigated by comparing with the reference load obtained
by the conventional strain gages attached to the experimental apparatus.

2. Strain distribution of the inner tire surface

When a tire contacts the road surface, the tread at the contact point bends, and a
tensile strain distribution occurs on the inner tire surface in the circumferential
direction, whereas a compressive strain occurs outside the contact patch. In this
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bending, since there is friction between the road and tire surfaces, the presence of
the frictional load slightly reduces the changes in the tensile strain. This strain
component due to friction is compressive strain. When there is only a vertical (or
wheel) load without rotational torque, a symmetrical tensile strain distribution
between the front and rear of the contact patch is observed.

! When the tire is rotating and a braking torque is applied, the tread deforms in a
shear manner due to friction. This shear deformation creates an anti-symmetrical
strain distribution to the center of the contact point. This is because the vertical load
distribution has its maximum at the center of the contact point and zero at the
contact edge; thus the displacement due to friction is greatest at the center and
decreases to zero near the contact edge.

Therefore, the strain measured by a sensor, which is the strain in the
circumferential direction, is the sum of the above three strain components (figure 2),
due to:

1) Vertical loads, &y
i1) Frictional loads when bending, &g,
iii) Frictional loads when driving/braking, eg;

In these three strains, the strains &, and &g, are symmetrical, and it is difficult
to separate them from each other. In actual tire/road conditions, &g, is much smaller
than &,,; thus the measured circumferential strain ¢, is assumed to be the sum of
the vertical and frictional strain components as follows:

gcir ~ gver + gfri . (1)

In the measurements, the strain &, is decomposed into the strain components of
ever and egy; and the frictional load is estimated from the strain ¢g; while the vertical
load is from the strain &y,
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Figure 1 Diagram of intelligent tire system for monitoring road conditions based on
image sensing.

]

Strain T €y “ N Strain T
| \
/ 1 \
/ \
/ \
/ | \
/ .
gﬂat ““" e,
v:d“‘ /_-_ > >
0 “\‘Q/ /I X 0 I X
Ehi
(a) (b)

Figure 2 Strain components and total strain of the circumferential strain of the inner
surface of a tire: (a) strain components (b) total strain.
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3. Applied load estimation

3.1 Vertical Load Parameter

The measured circumferential strain is affected by the vertical and frictional
loads. Thus to estimate the vertical load independent of the frictional load, the
strain due to the friction has to be removed from the circumferential strain. The
deformation J; in the circumferential direction on the tire surface due to friction is
linearly related to the frictional stress f, with the coefficient o and expressed as

S =af.- @)
The circumferential strain due to the friction is
g, =90 3)
dx

The frictional stress f; at the edge of the contact patch is zero since the vertical
load is zero at these points; thus the integration of the strain &g; is

1ds,

0 dx

[[edv=[ “dx=[arf.], =0; 4)
where the x coordinate is along the length of the contact patch; is zero at the edge,
and the patch length is /. The contact patch position can be estimated by calculating
the waveform of the spatial derivative of strain ©*.

Since the circumferential strain ¢, is the sum of &, and &g, the vertical load
parameter E..qica, Which depends only on &, and is independent of frictional loads,
can be obtained by integrating the strain &;

vertical —

E = JZam dx = J.Ol(gvcr + 8m)dx = J-(jgm dx- (5)

In the actual measurement procedure, the circumferential strain ¢, is measured
first; then the strain is differentiated along x, and the contact patch length / is
calculated. The strain distribution & on the contact patch is then integrated
between x=[0, /], and Eyicar 1S calculated from equation (5).

3.2 Frictional Load Parameter
The frictional load F, is calculated by integrating the frictional stress f, along
the x axis, and expressed using &g; from equations (2) and (3).

Fx=ﬂfxdx:ﬂ;§fdx:ﬂ{;J:gm(f)df}dX' ©)

From the symmetrical and anti-symmetrical characteristics of the strains &, and
g1, the following relationships are obtained:

E(E+ D = (54D GG+ D) e (-4 ) ™)

From these relationships, the strain due to friction &g; can be expressed using the
circumferential strain &, as follows:

aci,(gf%)—sci,(—f%) - {sm<§+é)+sﬁi(5+é)}—{sw(—§+;>+sﬁ<—§+;>} - 2em(§+§>
()

Therefore, using equations (6) and (8), the frictional force F, can be calculated
from the sensor output &;.

When the vertical or frictional load is quite large, the deformed area becomes

wider and expands outside the contact patch. In this case, the integration needs to
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be done along the J¢ #0 area, which is larger than the contact patch or the sensing
area. For practical monitoring, a method to estimate the frictional load from the
strain distribution using only the contact patch area is required.

For this reason, we introduce and use the maximum deformation as

Opnax =7 J‘o%

where y is the correction factor which neglects the widespread deformation beyond
the contact patch.

For simplicity, the frictional load F, can be evaluated using the maximum
frictional stress (fimax) times the contact length (/) with the ratio ¢ as follows by
rewriting equation (6):

F=|, {;I %(é)df}dx =l =0l 7]

Therefore, the frictional load parameter Fgion indicating the frictional load is
expressed by

&4 (1) dx - )

gm(x)‘ dx- (10)

= lj/ £y () dlx - (11)

mctlon

Here, &3i(x) in equation (11) can be calculated from the &, using equation (8).
Note that the coefficients a, y and ¢ are not required in the actual estimating
procedures from equations (5) and (11). The applied vertical and frictional loads
increase with the increase of the parameters of Eyeqicar and Efeicon. Since there is a
small nonlinearity between the parameters and the actual loads, a polynomial
regression is used to estimate the applied loads from the parameters. Using the
integration of the inner tire surface, the adverse local high strain induced by a rough
road surface is alleviated by the tread deformation and integration along the contact
patch.

4. Strain measurements using 3D DICM

4.1 Digital Image Correlation Method

An optical method is used for the concurrent monitoring of in-plane strain and
out-of-plane displacement (rolling radius) utilizing the non-planar surface of the
monitored object. The optical method enables noncontact measurement of strain
distribution. The in-plane strain and out-of-plane displacement are calculated using
image processing with an image of the inner surface of a tire that is taken with a
single CCD camera fixed on the wheel rim.

The DICM was used for measurements of the in-plane strain of the tire surface.
The DICM is a method that searches the same region for images before and after
deformation using digital information. The in-plane deformation image can be
calculated by searching the locations in the deformed image for regions of interest
(ROI) that are extracted from the image before deformation. The method enables
strain measurement by correlating the position of pixels in images of the
undeformed and deformed objects by maximizing the correlation coefficient R
using the Newton-Raphson method:

n_m

(Fx, ~FNG(x+u,y+v)-G
oy Sl Pl -0) .

[EE ) -7 [ES(otxsn o))

x=1 y=1 x=1 y=1

where F and G are gray levels of ROIs extracted from images before and after
deformation, F, G are average amounts of gray levels in each whole ROI, (u, v)
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are the displacement values of the ROI in the x and y direction, and (n, m) are the
sizes of the ROI in the x and y directions. Interpolating pixels of deformed images
enables higher accuracy in the measurement of deformation occurring in images by
sub-pixel pattern matching.

4.2 3-D Measurements using Non-planar Surface

The in-plane displacement occurs in the acquired image corresponding to the
out-of-plane displacement dh between a camera and the measured object %, We
define the in-plane displacement in the images including the out-of-plane
displacement effect, as an apparent strain. The apparent &' strain can be calculated
as follows:

o (13)

where 4o is the initial distance between the camera and measured object.
Equation (13) indicates that the apparent strain ¢’ also depends on /4, and has a
different value even when the same out-of-plane displacement d/ occurs.

Let us consider the case of attaching a small block, whose height is /, on the
measured object as shown in figure 3(a). When the distance between the camera
and measured object is 4, the distance between the camera and block surface is 4-/.
We define the actual in-plane strain as &, and ¢, in the measured object and block
top surface. From equation (13), the apparent strain, which includes the actual
in-plane strain and in-plane displacement corresponding to the out-of-plane
displacement, of the measured object & 'and the block top surface &’ can be
expressed using the different initial distance as follows:

e;:el{h h‘)dh—lJ (14)
) T

&'=g,+ ol -1 (15)
2 by +dh-1

In the tire measurement, the block height / and initial distance 4, are initially
known values determined from the tire size and air pressure, and the apparent
strains &;" and &,'can be measured using the DICM. Since the three quantities of ¢,
& and dh are unknown, these cannot be solved from the two equation (14) and (15).
Therefore, we assume that there is some relationship between &, and ¢, since the
strain distribution is nearly constant in the vicinity of one block. Because the strain
& can be estimated from & using this relationship, the in-plane strain of the
measured object & and the out-of-plane displacement d/i can be calculated using
equations (14) and (15). The calculation flow chart is summarized in figure 3(b).
Since the out-of-plane displacement between blocks can also be obtained using the
approximate function, the full-field in-plane deformation distribution is possible.
The apparent strains ¢,"and &,’ are calculated using numerical differentiation of the
in-plane displacement obtained using the DICM.

In our case, it was confirmed by the FEM analysis that the block top surface
strain &, is small enough compared with the apparent strain due to out-of-plane
displacement (several tens of thousands p) or the applied in-plane strain (from
—1000 to 3000 p), from which we can approximate the strain &, as zero. Therefore,
in actual measurements, the measured in-plane object strain & and out-of-plane
displacement d/ can be obtained using the following equation:

b —1
dh=""""_(h —1 (16)
&,'+1 (hy~1)
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oo gl-_(’%_lj (17)
hy +dh

The validity and the estimation accuracy of this 3-D DICM were investigated
using an aluminum beam and tire surface ®¥. The maximum error of the
out-of-displacement measurements was 0.3 % to the shooting distance. Although
the scatter of the in-plane strain measurements is about 0.02 % due to the pattern
matching error, the averaging at multi-points decreases this scatter.

[ Take an image ]

]

Measure the apparent in-plane deformation
&', &" using DICM

¥

\ . . .
i Camera Determine the relationship between¢,, €,

Calculate out-of-plane displacement dh
from &', &'

Out-of-plane
position

h=hy+dn| Block

Calculate in-plane strain &€, from correction
of'in-plane deformation

Z—Object l

[ 3D deformation measurement ]

(a) (b)

Figure 3 Three-dimensional digital image correlation method using a single camera
and non-planar surface: (a) schematic diagram and (b) flow chart of
measurement procedures.

5. Experimental procedure

The tire used was a 17-inch radial type Bridgestone Dueler (235/65R17 104V),
and the wheel was a 3-piece type of Work VS-XX (17x7.5JJ 5H-114.3). The air
pressure was set to 200 kPa. For image measurements inside the tire, a wireless
CCD camera (1/3 inch Sony Super HAD CCD, 640x480 pixels) was fixed to the
rim inside the tire. To illuminate the tire interior, an LED was also embedded inside
the tire. The image signal was wirelessly sent to an external receiver and input to an
image processing unit National Instruments PXI-1411 and LabVIEW ver. 8 as
shown in figure 4(a). For full-field 3D measurement using the DICM, the 14 rubber
blocks (Tigers Polymer, elastic modulus 9 MPa, Poisson’s ratio 0.49) were attached
with a spacing of 5 mm using elastic adhesives as shown in figure 4(b). A random
pattern was painted with white spray on the surface of the tires to facilitate pattern
matching. The stiffness of tire structures is attributed to the embedded carcass and
steel belt layer, thus the effect of attaching small blocks on the global tire
deformation would be small. In the future, the convex lines originally manufactured
on tire inner surface can be used instead of attaching rubber blocks.

Tire rotation tests were conducted in a static condition using a purpose built
tire rotating machine. The test setup is shown in figure 5. The wheel was fixed to an
alumina shaft and supported the steel columns with a shaft bearing. The vertical
load was adjusted by inserting various thickness plates between the tire and bottom
plate. Tire rotational torque was applied manually using a wrench at the rotation
axis ends. The reference values of the applied vertical and frictional loads were
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obtained from the biaxial strain gages attached to the wheel axis.

Five experiments were carried out under different conditions: the vertical load,
the maximum frictional loads and the number of acquired images in each
experiment are shown in table 1. Under each condition, multiple images were taken

! ’ !| during the tire rotation with almost constant vertical load and variable frictional
141 loads from zero to the maximum indicated in table 1.

PXI-1411

]

Receiver PC (PXI)

(b)
Figure 4 Experimental setup of the image measurement system of the tire: (a) set up

overview and (b) inner surface of the tire.
Tire (235/65R17)

3-piece wheel

Shaft

Strain gages

Wireless CCD camera (inside tire)

Figure 5 Apparatus setup for applying vertical and frictional loads to the
automobile tire.

Table 1 Experimental conditions of vertical and frictional loading.

Experiment  Vertical Maximum Number
Number load frictional load of
(N) (N) images
Ex. 1 380 115 35
Ex.2 607 121 32
Ex.3 748 150 26
Ex. 4 1011 198 40
Ex. 5 1262 156 33
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6. Results and discussion

6.1 Estimation of Vertical Loads

The vertical loads were estimated under the condition that both vertical and
frictional loads change. Figure 6 shows the tire surface image wirelessly
transmitted from the CCD camera embedded inside the tire. It can be seen from the
image that the multiple rubber blocks were attached to the tire surface and random
white patterns were painted on the tire surface for the 3D DICM. The in-plane
strain of the bottom surface of the tires was calculated using the developed system,
considering the out-of-plane displacement (rolling radius) changes. Figure 7 shows
the circumferential strain when zero frictional load was applied in Ex. 1-5. The
abscissa is the circumferential coordinate x: x=0 is located on the left edge of the
image. Figure 8 shows the strain differentiated by x. Since it is known that the
distance between the two peaks of the differentiated strain curves corresponds to
the contact patch edge “*, the contact patch was located at about x=[15,50].
Therefore, around the center of the contact patch, a large tensile strain can be
observed, whereas some compression exists outside the contact patch. This
deformation behavior agrees well with the strain gage measurements “” and FEM
results @7,

The information from the contact patch edge was also required for calculating
the applied loads in equations (5) and (11), and the calculated contact patch length
in each experiment is shown in figure 9. The white bar is only the vertical load
condition, and the gray is the vertical loads with maximum frictional load condition
in each experiment. The contact patch length is the key parameter that changes with
the road condition and is only obtained from the tire deformation measurements.
Although there is a strong relationship between the vertical loads and the contact
patch length, the contact patch length increased as the vertical loads increased, and
the length in Ex. 4 was smaller than that in Ex. 3 which was subjected to smaller
vertical loads. Considering the fact that the frictional load in Ex. 4 was the highest,
the frictional load also affected the contact length.

Based on the proposed estimation procedure indicated in equation (5), the
vertical load was calculated by decomposing the measured circumferential strain &,
using the symmetrical and anti-symmetrical characteristics of ¢,., and &g;. Figure 10
shows the actual vertical loads obtained from the strain gage attached to the
experimental apparatus and the estimated vertical loads from the strain on the tire.
The estimated vertical loads were calculated by approximating the relationship
between E.enical and F; using cubic polynomial regression. All experimental results
obtained are plotted, although the results with the same vertical load and different
frictional loads almost overlapped. As can be seen from the figure, the estimated
vertical loads agree well with the applied load independent of the frictional loads. It
was confirmed that the vertical load can be estimated within the error range of =100
N even when the frictional loads changed their condition. The maximum error was
10.4 % in Ex. 3, and may cause a 10 % error in frictional coefficient estimation.
This error was the result of the pattern matching error in the DICM; thus the
accuracy will improve when using a higher resolution digital camera.
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Rubber blocks

Figure 6 Image of the inner surface of the tire with rubber blocks.
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Figure 7 Circumferential strain distribution of the contact patch of the tire measured
by the 3D DICM: vertical loads are from 380 to 1262 N.
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Figure 8 Differentiation of the circumferential strain of the contact patch of the tire
measured by the 3D DICM: vertical loads are from 380 to 1262 N.
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Figure 9 Contact length of the tire measured from the differentiation of
circumferential strain: vertical loads are from 380 to 1262 N.
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Figure 10 Estimation of the vertical load F., using strain measurement of the tire.

6.2 Estimation of Frictional Loads

Figure 11 shows the circumferential strain &, when the frictional load
increased up to 150 N with 748 N vertical loads in Ex. 3. Figure 12 shows the
frictional strain component &g; obtained by decomposing the circumferential strain.
The abscissa is the circumferential coordinate x and the frictional load measured by
the strain gage attached to the wheel shaft, and the ordinate is the strain on the tire
surface. From figure 12, the frictional strain component is from -2000 to 1000 p
and small compared with that due to the vertical loads (from -10000 to 20000 p).
Although the strain distribution & seems to be symmetrical, there exists an
anti-symmetrical frictional strain component, and it becomes stronger as the
frictional load increases. This anti-symmetrical strain distribution due to shear
deformation agrees with the frictional strain component predicted in figure 2.

As indicated in equation (11), the Egiqion 18 calculated for the frictional load
estimation by integrating the ¢g; along the contact patch length, which was obtained
in figure 9. Figure 13 shows the actual frictional load obtained from the strain gage
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attached to the experimental apparatus and the estimated frictional loads from the
tire surface strain. The estimated frictional load is calculated using linear regression
from Eg;icion. Comparing Ex. 4 and 5, the vertical load in Ex. 5 was larger than that
in Ex. 4, whereas the frictional load in Ex. 4 was larger than that in Ex. 5. The
estimated results reflect this, and the frictional load can be estimated within the
error of £15 N regardless of the vertical loads. The maximum error was 10.2 % in
Ex. 3, and may improve using a higher resolution digital camera as mentioned in
the vertical load estimation.

From the estimation results in figures. 10 and 13, it was demonstrated that the
applied vertical and frictional loads can be estimated from the tire strain
measurements using the 3D DICM and decomposing the circumferential strain into
frictional and vertical strain components.

X100 s
20000 T ~

10000

Circumferential strain

L
(=)
(=)

o8
Vv

Frictional 100 ”
load (N) 150 0 x (mm)

Figure 11 Circumferential strain distribution under frictional load changing: vertical
load is 748 N.
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Frictional strain

Frictional 100 ”
load (N) 150 0 x (mm)

Figure 12 Frictional strain component &g; under frictional load changing: vertical
load is 748 N.
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Figure 13 Estimation of the frictional load F, using the strain measurement of the
tire.

7. Concluding remarks

The validity of the applied load estimation method was experimentally
investigated for the development of intelligent tires. The system developed
concurrently estimates the frictional and vertical loads applied to tires from the
measured strain data when both loads are changing. The estimating method
decomposes the measured circumferential strain into the frictional and vertical
strain components using their symmetrical and anti-symmetrical characteristics.
The applied loads from the static tire rotation tests were estimated using the inner
tire surface strain distribution. The tire strain distribution was obtained using a 3D
DICM with a single wireless CCD camera attached to the wheel rim inside the tire.
Comparing the applied loads calculated from the strain gage attached to the
experimental apparatus, it was confirmed that the vertical and friction loads can be
estimated to within about a 10 % error range. Using this estimating scheme, the slip
slope curve during driving can be represented, which enables the optimization of
vehicle control and the implementation of a road condition warning system.
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