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The grip force of tires is crucial for vehicle security and drivability under different driving conditions. A small contact area and
stress concentration in the contact patch of two-wheeled motorcycle (TWM) tires result in a reduction in grip performance and
wear resistance. Even worse, improving the grip and wear resistance together is difficult to achieve. The purpose of the current
study is to analyze the dynamic grounding characteristics and geometry of a cat paw pad and then apply its structure to the
TWM tire to improve the contact area and wear resistance under different operating conditions. A nonlinear finite element tire
model that could accurately reconstruct the tire structure and realistically reflect the mechanical response to different loads was
employed. Then, the accuracy of the tire model was validated by a static test with a control tire. For cats, the dynamic grounding
characteristics and topology of paw pads were determined using a pressure-sensitive walkway and a three-dimensional (3D)
laser scanner. The results indicated that the cat forepaw third pad (CFIP) exhibited excellent grip capacity. According to
similarity transformation, a bionic tire crown was designed according to the lateral fitting curve of the CFTP. Comparative
results showed the enlargement of the contact area and decreases in peak pressure and frictional energy rate for the bionic tire
under different conditions. With these improvements, the grip performance was improved, and the service life was extended

synchronously. These research results can be applied for the design of TWM tires, especially cross-country motorcycle tires.

1. Introduction

As the only components that are in contact with roads,
tires play a crucial role in the transmission of ground-
vehicle forces. The interface between the road and the tire
is responsible for many tire performance aspects, such as
wear resistance and grip [1]. Generally, there is a conflict
between grip and wear resistance performances. That is,
improved grip performance means a reduction in wear
resistance to some extent and vice versa [2]. Moreover,
the interaction at the contact patch is a complex mechan-
ical problem, and the distribution of contact stress is
affected by the vehicle’s operating conditions, load, road
characteristics, tire structure and geometry, and other fac-
tors [3]. In severe cases, the deterioration of grip perfor-
mance may lead to traffic accidents [4].

To assess the critical influence of grip performance on
vehicle safety, many studies have focused on the subject,
such as sliding contact with roads. For example, Rosen
et al. presented a laboratory investigation on the variation
of the tire sliding grip coeflicient depending on the tire
construction, inflation pressure, vertical load, and wheel
camber [5]. Taking into account the rubber viscoelasticity,
road randomness, pressure, temperature, and speed, Far-
roni et al. developed a friction model to evaluate the accu-
rate sliding frictional coefficient under various conditions
[6]. Boutylin et al. investigated the dependence between
the friction coefficient and wheel slip as a function of
deformation, adhesion, absolute slip velocity, and road
roughness [7]. Since 2012, the EU and Korean govern-
ments have instituted a tire labeling system. Thus, wet grip
is gaining more attention. Based on fluid-structure
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coupling theory, Chiu and Shui found that tires with outer
transverse grooves exhibited an approximately 8% increase
in the wet grip compared with those with only straight
grooves [8]. Jeon et al. proposed a new laboratory alignment
procedure for wet grip measurement to improve the repro-
ducibility of wet grip testing results [9]. Based on orthogonal
experimental design and finite element simulation, the signif-
icant factors affecting the wet grip of tires have been identi-
fied through several experiments [10]. Other aspects of grip
performance were also researched. According to the strain
information inside the tire, Carcaterra and Roveri presented
a novel brush-rod-beam theoretical model for the identifica-
tion of the tire-road grip level [11]. Nizard et al. explored an
on-line observer that monitored the soil-tire contact longitu-
dinal grip to improve the stability of off-road vehicles [12].
To generate the maximum possible tire grip for a Formula
Student single-seat race car, Rao presented a suspension
design package [13]. Sabri and Abda developed a tire model
and road pavement for footprint and grip coefficient analyses
[14]. In the above studies, models, simulations, algorithms,
and experiments were adopted to investigate the various
influencing factors on grip force. All offered important con-
tributions to grip improvement. However, the effect of the
grip optimization methods listed above on wear resistance
was not discussed.

A two-wheeled motorcycle (TWM) must lean when
steering, which is an important difference from four-wheel
vehicles. Moreover, the ground position of the tires changes
during steering compared with straight driving. Under this
condition, tires must provide sufficient grip force to prevent
sliding. However, a mature design method to achieve this
objective does not exist [15].

Currently, bionic design is primarily used in vehicle.
Functional and structural bionic technologies are used in
the design of various vehicle components such as tires. For
instance, leopard-like claw tires have been developed by Con-
tinental AG to increase the ground area during braking,
which reduces the braking distance [16]. The polar bear toe
shape has been applied to the tread pattern to improve the
grip performance on icy and snowy pavements [17]. A bionic
rubber model based on a camel hoof was exploited for desert
vehicles [18]. Inspired by the geometric honeycomb struc-
ture, Mao et al. determined the mechanism of wear resistance
and wet-skid resistance with a complete bionic coupling
design method for tire tread compounds [19].

The main objective of this study was to propose an inno-
vative tire crown with reliable grip performance and service
life. A cat paw pad with excellent grip properties was chosen
as the bionic prototype [20-22]. A pressure-sensitive walk-
way and a 3D laser scanner were used to determine the
dynamic grounding characteristics and topology of cat paw
pads. Based on the lateral fitting curve of the cat forepaw
third pad (CFTP), a bionic tire crown was designed accord-
ing to similarity transformation. The contact area, pressure
distribution, and frictional energy rate were compared for
the control tire and bionic tire. The results showed that the
bionic tire had a larger contact area, lower wear rate, and
more uniform pressure distribution under different condi-
tions, which successfully improved grip and wear resistance.

Applied Bionics and Biomechanics

With these improvements, the bionic tire could promote the
driving, braking, and handling stability of a TWM and pro-
long tire working life.

2. Materials and Methods

2.1. Care and Training of Cats. Five client-owned cats (Chi-
nese Felis silvestris catus) were selected, and owner consent
was obtained for each cat. The group consisted of two males,
one neutered female, and two neutered males. The mean
body weight and age were 2.90kg and three years, respec-
tively. All the cats were clinically healthy based on physical
examinations performed by veterinarians. Each cat was
trained to walk on plywood at its own pace without acceler-
ating, stopping, or turning around. However, almost all the
cats expressed curiosity or fear during the process. Food,
toys, luminous spots, and affection were used to encourage
walking. Before data collection, the cats were housed and
cared for in the data-collection room for one week. This
study was approved by the institutional ethics committee of
Jiangsu University. All cats were fed in accordance with the
China Animal Health Regulations.

2.2. Equipment and Data Collection. Ground contact pres-
sure was tested using a pressure-sensitive walkway (Medical
Sensor 5101QL Animal Walkway System, Tekscan). The
entire walkway surface was covered with a nonslip, thin rub-
ber mat to keep the measuring area out of the cats’ sight, pre-
vent slipping, and protect the equipment [23]. To ensure
constant speed in each trial, the walkway was embedded into
the middle of a 5.00 m long flush runway. Two transparent
polyvinyl chloride (PVC) fences were arranged on both sides
to form a straight line for the cats. The Tekscan walkway sys-
tem was connected to a dedicated computer equipped with
software for data collection and storage. The sampling rate
was set to 100 Hz [24]. A high-speed video camera (OLYM-
PUS i-SPEED) was used to determine the cat’s velocity and
acceleration for each trial, with its optical axis perpendicular
to the cats’ walking direction. The sampling rate was 100 fps
[25]. Figure 1 shows the test setup. Before data collection, the
body weight of each cat was determined using an electronic
scale.

As shown in Figure 2, a laser scanner (VIVID 910 3D,
Japan) was used to accurately determine the geometric shape
of each cat’s forepaw pad surface. According to the scanner’s
specification, the focal distance was set to 600 mm. Each
specimen was also located at the focal distance position.
Then, the point cloud of the entire pad was obtained, and
curve fitting for the lateral point of the CFTP was performed.

2.3. Nonlinear Finite Element Analysis. The fitted lateral
curve of the CFTP was scaled up to the same width of a
2.75-18 TWM tire according to similarity transformation
theory [26, 27]. The grip performance of the control tire
and bionic tire were simulated and analyzed using nonlinear
finite element method. Figure 3(a) shows the finite element
model of the 2.75-18 TWM tire. The rubber material of the
tire was considered to be well represented by the Yeoh hyper-
elastic constitutive model, and the cord-rubber composite



Applied Bionics and Biomechanics

High-speed camera

FIGURE 2: Scanning system for the cat forepaw.

material was simulated using the rebar element [28]. The
standard inflation pressure and load were 225kPa and
150kg, respectively. To simulate different operating condi-
tions, the camber angle was changed, and the frictional coef-
ficient between the tread and the ground was 0.80. In
accordance with the simulation operating conditions, the
control tire was statically tested to verify the accuracy of the
finite element model. Printed paper was placed on the bot-
tom of the platform, and the contact patch shapes were sub-
sequently recorded. Figure 3(b) shows the contact patch
extraction for the control tire, where D is the distance from
the wheel center to the ground.

The contact areas of the control tire and the bionic tire
were analyzed under static, driving, braking, and steering
conditions. A concentrated force from the pavement to the
tire was imposed for static-state analysis. The driving and
braking conditions were simulated by controlling the moving
and rotational speed of the tires based on static load analysis.
During steering, the tires were simulated by presetting differ-
ent lean angles.

For the tires, the wear rate can be expressed as a power
function of the friction energy generated in the contact patch
as follows:

hy=y,E", (1)

where h; is the radial thickness reduction, E is the frictional
energy, and y, and y, are material parameters. The frictional
energy density E. at a point i within the tire footprint is
defined as follows:

R N B DR
E =1's'=1.5, +1,5, (2)

where 7 is the frictional shear force and s' is the relative slip
distance. In the finite element analysis, both the slip distance
and the frictional force within the footprint fluctuate with

time. The total frictional energy rate ElT can be computed
by time-integrating the nodal frictional energy rate as fol-
lows:

E =

uFyS, (3)

=

where N is the total node number within the contact patch, y
is the coefficient of friction between the tread and the ground,
F‘V is the nodal contact force, and § is the absolute nodal slip
rate [29]. Based on Equation (3), the frictional energy rates of
the tire were obtained and compared for the control tire and
bionic tire under braking and steering conditions.

3. Results

3.1. Data from Pressure-Sensitive Walkway. The vertical
forces were normalized to the individual cat’s body weight
and expressed as %BW. Meanwhile, each trial velocity was
calculated from video captured by a high-speed camera
[30]. Figure 4 shows the peak vertical force (PVF) of the
entire contact phase at different speeds. The cat forepaw con-
tact process at 0.80 m/s is shown in Figure 5, in which the
third pad of the forepaw is marked by a red circle.

3.2. Geometry. The pad surface geometry of a cat’s forepaw
is shown in Figure 6(a), and the surface geometry and point
cloud of the third pad were extracted and refined
(Figures 6(b) and 6(c)). Fourth-order polynomial fitting
was selected for the points at the lateral cross-section (red
line in Figure 6(c)), as expressed by Figure 6(d) and Equa-
tion (4).

y=0.6564 + 1.5607x — 1.3955x” + 0.0496x” — 0.0030x",

(4)

where y is the height of the third paw pad, mm, and x is the
width of the third paw pad, mm. Based on the fitted lateral
curve, a bionic crown was designed for 2.75-18 tires (see
Figure 6(e)).

3.3. Model Verification. The test results of the contact area
and deflection for the 2.75-18 motorcycle tire control were
compared with the nonlinear finite element model. Table 1
shows the D values at different loads. The form of the contact
patch is shown in Figure 7 and Table 2. The test results are
shown in black and white, and the color photos show the
simulated results.

3.4. Comparative Results. The contact area and pressure dis-
tribution of the control tire and bionic tire were compared
under different conditions. The inflation pressure, load, and
frictional coefficient were 200 kPa, 1.20 kN, and 0.80, respec-
tively. Figure 8 and Table 3 show the results in the static state.
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FIGURE 3: 2.75-18 TWM tire: (a) finite element model; (b) test.
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FIGURE 4: Scatter diagram of PVF to velocity.

Owing to the symmetry of tire-road longitudinal forces in
driving and braking conditions, only the results under brak-
ing conditions were analyzed. The initial velocity and decel-
eration were set to 16.60m/s and 0.60g, respectively.
Figure 9 and Table 3 show the contact patch, pressure distri-
bution, and frictional energy rate under braking conditions.

During steering, the motorcycle leans at different angles.
The velocity was set to 8.30 m/s, and the roll angles were set
to 10°, 20°, and 30° with calculated lateral forces of 104N,
215N, and 340N, respectively. Table 4 and Figures 10-12
show the results for the control tire and bionic tire during
steering.

4. Discussion

In this study, the ground pressure exerted by five cats moving
at different speeds was recorded by encouraging each cat to
walk freely across a pressure-sensitive walkway. Data were
accepted only if the cats traversed the entire walkway in a
straight line without distraction. As shown in Figure 4, the
PVF increased with speed, and the PVF of the forepaw was
higher than that of the hindpaw, which agreed with previous

studies [31-33]. Furthermore, the distinction of PVF
between the forepaw and the hindpaw increased with
increasing speed. These results suggest that the forepaw plays
a leading role in movement. A reasonable interpretation is
their different functions: cats are forelimb-dominant in sup-
port and steering and hindlimb-driven [24, 34].

The pressure-sensitive walkway adopted in the present
test was suitable for the kinetic evaluation of cats. First, there
were no constraints on the stride length. Cats could move
with different gait patterns, such as walking, trotting, or gal-
loping. Second, compared to the force platform system, the
pressure-sensitive walkway could measure the pressure dis-
tribution and provide more reliable and detailed data. Third,
the force and pressure distributions can be extracted using
software, even though several paws contact the equipment
simultaneously. Furthermore, the pressure-sensitive walkway
was portable and could be installed quickly. Romans et al.
used a pressure-sensitive walkway to evaluate the kinetic
parameters of cats that have or have not previously under-
gone onychectomy [35]. This approach has been adopted
for cats with osteoarthrosis to evaluate the effectiveness of
nonsteroidal anti-inflammatory drug treatment [36]. One
disadvantage of this method is that the longitudinal and
transverse forces cannot be measured [37].

As shown in Figure 5, the third pad of the forepaw was in
early contact with but ultimately deviated from the ground.
This phenomenon suggests that the third pad has the longest
contact time interval among all pads. Additionally, peak
pressure was also achieved at the third pad during the entire
walking process. Considering these results, it may be inferred
that the third pad of the forepaw appears to play a key role in
grip performance. Similar results can be observed at other
speeds. Stadig and Bergh analyzed the PVF and distribution
of the vertical forces within a paw by dividing the paw print
into four equally sized areas: craniolateral, craniomedial, cau-
dolateral, and caudomedial [38]. In these four areas, the cau-
dolateral area supports maximum vertical force, which is
different from our result. The first possible reason is that
the vertical force of the caudolateral area is the resultant force
of all sensors within this area, and the peak pressure distribu-
tion was not noted. The second probable reason is the resolu-
tion of the equipment. To the authors’ knowledge, our study
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FIGURE 5: Process of cat forepaw contact at 0.80 m/s.
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FIGURE 6: (a) Geometry of forepaw pad surface; (b) geometry of third forepaw pad; (c) point cloud of third forepaw pad surface; (d) lateral

curve fitting of extracted points; (e) type 2.75-18 motorcycle tire.

adopts the densest pressure-sensitive walkway (15.50 sensors
per square centimeter) for vertical force measurement of cat
pads, which provides more reliable and detailed data.

The accuracy of the finite element model was con-
firmed by comparing the D value, contact patch shapes,
and magnitudes of the control tire and bionic tire. The
D value decreased with increasing load. At different loads,
each error between the control tire and bionic tire was less
than 1.00% (Table 1). Moreover, the contact patch shapes
of the control tire and bionic tire were extremely similar
under different loads (Figure 7), and each variation in
the contact patch dimensions was less than 4.00%
(Table 2). Comparisons suggested the effectiveness and
accuracy of the finite element model. Similar approaches
were adopted by previous studies [39, 40].

TaBLE 1: D values at different loads.

Load (kN) Control (mm) Simulation (mm) Error (%)
0 300.50 300.37 0.04
0.60 294.50 292.58 0.65
0.90 291.50 290.08 0.49
1.20 289.00 287.91 0.38

The contact area and pressure distribution of tires are
important factors for grip performance. Under the same fric-
tion coefficient, grip force increases with the contact area
enlargement and pressure distribution uniformity [41].
Moreover, contact area enlargement and pressure distribu-
tion uniformity are beneficial for the reduction of wear [42].
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FiGure 7: Comparison of contact patches for 2.75-18 tires at
different loads: (a) 0.60 kN; (b) 0.90 kN; (c) 1.20 kN.

TaBLE 2: Contact patch dimensions for 2.75-18 tires at different
loads.

Load (kN) Items Control (mm) Simulation (mm) Error (%)
0.60 Length 112.50 115.00 2.23
Width 26.50 26.66 0.61
0.90 Length 130.00 131.94 1.50
Width 35.50 36.54 2.94
1.20 Length 141.50 145.14 2.58
Width 40.00 41.56 391

In the static state, as shown in Figure 8, it is clear that the
contact patch shapes tend to be oval. For the bionic tire, the
contact area was 3.10% larger and the peak pressure was
9.77% lower than that of the control tire (Table 3). These
two improvements indicated the promotion of grip
performance.

Under braking conditions, the contact patch shapes
resembled a rectangle (Figure 9). For the bionic tire, the con-
tact area expanded by 3.89%, while the peak pressure
decreased by 4.10% in contrast to the control tire (Table 3).
With these improvements, the bionic tire could achieve
greater braking force. Moreover, the frictional energy rate
of the bionic tire was 1.23% less than that of the control tire,
which indicated a reduction in wear. Thus, the conflict of grip
and wear resistance was alleviated.

Unlike the static and braking conditions, the shapes of
the contact patch bent and pressure distribution became
asymmetric at steering conditions (Figures 10-12). With
the increase of roll angle, the high-pressure region transi-
tioned from the interior to the exterior within the contact
patch. At roll angles of 20° and 30°, it was clear that the deep
red color of the bionic tire was wider than that of the control
tire. Additionally, the altitude differences between high-
pressure blocks of bionic tire were lower. Wider high-
pressure area and lower pressure altitude differences sug-
gested a more uniform pressure distribution. As exhibited
in Table 4, at roll angles of 10°, 20°, and 307, the contact area
of the bionic tire increased by 3.00%-4.50%, while the peak
pressure decreased by 3.50%-4.50% compared with the con-
trol tire. Considering the increased contact area and reforma-
tion of pressure distribution, it may be inferred that the
bionic tire could provide greater lateral force in steering con-
dition, and the stress concentration was also reduced. In
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addition, within the different roll angles investigated, the fric-
tional energy rate of the bionic tire was 1.44%-6.13% less
than that of the control tire. Thus, the bionic tire could
improve grip performance and prolong working life simulta-
neously under steering conditions.

The comparison results above showed that the contact
area was enlarged by 3.00%-4.50% under different condi-
tions for the bionic tire. These results could be attributed to
the more convex crown on both sides (Figure 6(e)). Most
likely, for the enlargement of the contact area, the peak pres-
sure decreased by 3.50%-10.00%. In addition, the frictional
energy rate decreased by 1.23%-6.13%, which could be
ascribed to the more uniform pressure distribution and
decrease in peak pressure for the bionic tire. With improve-
ments in wear resistance and grip performance, the bionic
tire prolonged the working life and improved the handling
performance of the TWM synthetically.

Although the inherent conflict between grip and wear
resistance performance is intractable, several modifications,
such as rubber formula, tread pattern, and tread profile,
attempt to alleviate this conflict for four-wheel vehicle tires.
Veiga et al. investigated the replacement of carbon black
and the number of processing steps to decrease rolling resis-
tance and increase wear resistance and wet grip simulta-
neously [43]. Because of the obvious impact on braking
performance, tread wear, and noise, the stick-slip behavior
of the tire tread block was analyzed by a digital image corre-
lation method [44]. Employing an artificial neural network
(ANN), Cho et al. presented a crown profile optimization
for improving the distribution uniformly of contact pressure,
which increased wear resistance and grip performance [45].
In our study, a bionic crown contour was designed for
TWM tires. Comparative results show enlargement of the
contact area and more uniformity of the pressure distribu-
tion. To our knowledge, this is the first study to alleviate this
conflict for TWM tires.

A TWM must lean when steering. The lean angle repre-
sents the amount of inclination that the vehicle needs to
ensure the force balance on a curve. Due to the inherent
instability, a TWM remains a particularly dangerous means
of transport [46]. Considering an assembly of six rigid bodies
with 11 degrees of freedom, Ajmi et al. evaluated the han-
dling performance of a TWM during circulation on a curved
track [47]. Formentin et al. addressed a fault taxonomy of a
lean angle estimation system to analyze the fault-detection
problem and presented a possible solution based on a 4-
degree-of-freedom inertial sensor [48]. Based on a low-cost
sensor configuration, Boniolo et al. proposed an innovative
method for estimating the roll angle to evaluate the dynamic
properties of a TWM and its tires [49]. These studies consid-
ered the vertical force of the tires as a resultant force. Our
study analyzed steering conditions with three different roll
angles. Moreover, the vertical pressure distribution was con-
sidered, which provided more details for grip and wear resis-
tance. To the authors” knowledge, no studies in this context
have been conducted for a TWM tire.

In fact, the true reason for producing material loss and
wear debris lies in the accumulation of considerable potential
energy which is accumulated on the surface of the material
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TaBLE 3: Comparison of the static state and braking condition.

Static state
Contact area (mm?)  Peak pressure (MPa)

Contact area (mm?)

Braking condition

Peak pressure (MPa) Frictional energy rate (J/s)

Control tire 4313.60 0.60 5302.60 0.44 984.43
Bionic tire 4447.20 0.54 5513.80 0.42 972.45
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F1GURE 9: Contact patch and pressure distribution under braking conditions: (a) control tire; (b) bionic tire.

TaBLE 4: Comparison under steering conditions.

Contact area (mm?)

Peak pressure (MPa)

Frictional energy rate (J/s)

Roll angle (°) 10 20 30 10 20 30 10 20 30
Control tire 4115.50 4172.10 4108.50 0.63 0.63 0.59 69.54 150.87 268.63
Bionic tire 4298.30 4299.20 4247.60 0.60 0.61 0.57 68.52 141.69 259.99
Difference (%) 4.44 3.05 3.39 427 3.63 3.53 1.44 6.13 3.47

[2]. Therefore, the frictional energy model is widely used for
the wear prediction of four-wheel vehicle tires. After analyz-
ing the influence of load, temperature, and speed, Grosch
used the energy dissipation and slip speeds to evaluate tire
wear [50]. According to a laboratory test for rubber abrasion,
Cho et al. adopted a power function wear model for 3D pat-
terned tires to correlate the wear rate of tread rubber blocks
with frictional energy dissipation [29]. Based on an energy
dissipation model, Nguyen et al. considered the history
dependency of abrasion and directional effects to predict tire
tread wear [51]. However, research on this topic for TWM

tires is rare. Our research compared the frictional energy
rates of control and bionic tires under different conditions
and revealed the possible reasons for the wear reduction of
bionic tires.

In our previous work, the tire tread and belt structure
were reformed with bioinspiration [52]. Meanwhile, the form
and area of the contact patch were analyzed in static and
braking conditions, which indicated promotion in wear resis-
tance and braking performance. In the present work, the con-
tact area, peak pressure, and frictional energy rate were
calculated exactly in static, braking/driving, and steering
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conditions. Thus, the results were more comprehensive and
precise than our previous work.

5. Conclusions

In this paper, to improve the grip and wear resistance of a
two-wheeled motorcycle tire together, we explore a novel
tire crown inspired by a cat paw pad. According to the
similarity transformation principle, a tire crown is pro-
posed based on the fitting curve of the CFTP lateral
cross-section. Comparative analyses indicate the enlarge-
ment of the contact area and decreases in the peak pres-
sure and frictional energy rate for the bionic tire under
different operating conditions. These results show that

stress (MPa)

Vertical contact

-0.05
Contact width (m)

()

F1Gure 12: Contact patch and pressure distribution during steering with a 30° roll angle: (a) control tire; (b) bionic tire.

the bionic tire alleviates the inherent conflict between tire
wear resistance and grip performance. Thus, this approach
can be applied for the design of TWM tires, especially
cross-country motorcycle tires. It should be noted that in
this study, the proposed tire crown only modifies the tread
arc but not the tread pattern, and other tire properties are
considered unaltered. To ensure the service life and safety
of tires, it will be worthwhile to comprehensively analyze
grip, wear resistance, skid wet resistance, and hydroplan-
ing. Additionally, restricted by the capabilities of the
pressure-sensitive walkway, only the vertical force and
pressure distribution are tested for cat pads. Therefore, a
future study will be improved by measuring forces and
distributions in three directions simultaneously.
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