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Numerical Prediction of Ride Comfort 1)
of Tracked Vehicle Equipped with Novel Flexible
Road Wheels
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Abstract

Enhancing ride comfort has always constituted a crucial focus in the design and research of modern tracked vehi-
cles, heavily reliant on the driving system’s performance. While the road wheel is a key component of the driving
system, traditional road wheels predominantly adopt a solid structure, exhibiting subpar adhesion performance

and damping effects, thereby falling short of meeting the demands for high-speed, stable, and long-distance driving
in tracked vehicles. Addressing this issue, this paper proposes a novel type of flexible road wheel (FRW) characterized
by a catenary construction. The study investigates the ride comfort of tracked vehicles equipped with flexible road
wheels by integrating finite element and vehicle dynamic. First, three-dimensional (3D) finite element (FE) models

of both flexible and rigid road wheels are established, considering material and contact nonlinearities. These models
are validated through a wheel radial loading test. Based on the validated FE model, the paper uncovers the relation-
ship between load and radial deformation of the road wheel, forming the basis for a nonlinear mathematical model.
Subsequently, a half-car model of a tracked vehicle with seven degrees of freedom is established using Newton's
second law. A random road model, considering the track effect and employing white noise, is constructed. The study
concludes by examining the ride comfort of tracked vehicles equipped with flexible and rigid road wheels under vari-
ous speeds and road grades. The results demonstrate that, in comparison to the rigid road wheel (RRW), the flexible
road wheel enhances the ride comfort of tracked vehicles on randomly uneven roads. This research provides a theo-
retical foundation for the implementation of flexible road wheels in tracked vehicles.

Keywords Ride comfort, Flexible road wheel, Finite element model, Dynamic model, Tracked vehicle

1 Introduction

Tracked vehicles are widely used in military, construc-
tion, forestry, mining, and agriculture, and the require-
ments for tracked vehicles are increasing. Optimal ride
comfort has always been the main goal of modern tracked
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vehicle design and research [1, 2]. The performance of
tracked vehicles is related to the engine and transmis-
sion systems; however, whether a vehicle can improve
the average off-road speed and trafficability ultimately
depends on the performance of the driving system [3-5].
When the buffer performance of the driving system or
the adhesion between the road wheel and track is subpar,
improving the average driving speed of the vehicle on oft-
road road terrain remains unattainable, even if the engine
power is larger and the kilowatts per ton are higher. The
road wheel is an important part of the driving system,
but most road wheels adopt a rigid solid structure, and
its structural characteristics determine that the adhesion
performance and vibration reduction effect are poor and

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-024-01070-0&domain=pdf
http://orcid.org/0000-0001-5522-0236

Deng et al. Chinese Journal of Mechanical Engineering (2024) 37:85

cannot meet the requirements of high-speed, stable, and
long-term operation of tracked vehicles. This is one of
the key bottlenecks that limit the further improvement of
tracked vehicles.

Extensive research has been conducted on the struc-
tures and materials of road wheels. A variety of new
materials, including aluminum alloy, composite armor,
titanium alloy, improved armor, steel carbon fiber rein-
forced polymer, and others, have been employed to
reduce the weight of weapons and equipment. This
application aims to enhance the overall vehicle’s light-
weight characteristics and improve its mobility, thereby
maximizing the battlefield survival and combat capabil-
ity of tracked vehicles [6, 7]. In structural research, most
scholars have proposed a variety of new configurations,
combining road wheels and flexible road wheel (FRW)
configurations, to improve the mobility, trafficability, and
ride comfort of tracked vehicles [8]. Although these stud-
ies have achieved some beneficial results, they have not
fundamentally broken through the bearing mechanism
of traditional rigid road wheel (RRW), and the adhe-
sion between the track and road has not been improved.
Because only local areas of the road wheel participate in
the loading, the loading efficiency is relatively low, and
the adhesion performance is poor. Furthermore, the rigid
track and rim exert pressure on the rubber in both direc-
tions, resulting in large deformation and a large amount
of heat after rolling for a long time, which significantly
affects the service life of the road wheel.

Considering the inherent shortcomings of traditional
RRW, this study proposes a new type of composite FRW
with a catenary structure. The stress in the FRW was
more uniform, and the bearing capacity per unit mass
was higher. The bottom rubber enables greater deforma-
tion in the radial direction, the average grounding pres-
sure is reduced, and the adhesion between the road wheel
and track and between the track and ground is improved,
thereby improving the ride comfort, mobility, and traf-
ficability of the tracked vehicle [9-11]. The mechanical
characteristics of road wheels, which are an important
part of the vibration transmission path, significantly
affect the ride comfort of tracked vehicles. It is necessary
to study the ride comfort of a tracked vehicle equipped
with novel FRWs to provide a reference for replacing
RRWs with FRWs to match tracked vehicles.

A tracked vehicle comprises a complex mechanical
system. In particular, because of the existence of tracks,
it is more difficult to describe the dynamic relationship
between vehicles and the ground, and the service envi-
ronments of tracked vehicles are very different, making
them vulnerable to climatic conditions and other factors
[12-14]. Historically, research on tracked vehicle perfor-
mance has relied on experience and testing, following the
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traditional approach of “design, trial, production, test,
and improvement” [15, 16]. This method is based on a
large number of empirical formulas and experiments
and has a long development cycle. In recent years, with
the development and wide application of modeling and
simulation technology, it has been applied in research on
tracked vehicle performance [17-20]. For different types
of tracked vehicles, various models are established to
describe the stability, steering performance and passing
performance of tracked vehicles [21-24].

To overcome the disadvantages of poor damping per-
formance, poor adhesion, and heavy weight of traditional
RRWs, a new FRW with a catenary construction was
proposed in this study. The innovation of this study is to
establish a nonlinear model of an FRW using the finite
element method and numerically predict the ride com-
fort of a tracked vehicle equipped with FRWs combined
with a half-vehicle dynamics model. Three-dimensional
(3D) finite element (FE) models of the FRW and RRW
considering the material and contact nonlinearities
were established. The radial stiffness of the road wheel
was analyzed to build a nonlinear wheel model. Subse-
quently, a half-car model of a tracked vehicle with seven
degrees of freedom was established using Newton’s sec-
ond law and a random road model was constructed using
white noise. Finally, the ride comfort of tracked vehicles
equipped with FRW and RRWs at different speeds and
road grades was studied by combining a nonlinear model
of road wheels, half-car model, and random road model.

The specific chapters of this paper are organized as fol-
lows: Section 2 introduces the structure and finite ele-
ment modeling of the FRW; the half-vehicle dynamic
model of a tracked vehicle and road excitation model are
described in Section 3; Section 4 presents the results of
the simulation analysis; and a summary and prospects of
the full paper are presented in Section 5.

2 Finite Element Modelling of FRW and RRW

2.1 Structure of FRW and RRW

Traditional RRWs are generally composed of four parts:
A rim, spoke, and hub. Road wheels can be divided into
three types according to the degree of vibration reduc-
tion: all-metal wheels (no vibration reduction), internal
vibration reduction wheels, and external vibration reduc-
tion wheels (outer rubber ring). Among these, the exter-
nal vibration-damping road wheel is the most widely
used, and its rim is wrapped in a rubber apron.

The main functions of the road wheel are as follows: (1)
Support the car body. This is the basic performance to
ensure that the car body rolls on the track, and (2) to ease
the impact. The road wheel tire is made of vulcanized
rubber, which works together with the torsion bar spring
and balance shaft to alleviate or absorb various impacts
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Figure 1 Structure of FRW

from the road surface, reducing the impact of various
precision components on the car body and passengers.
(3) Vibration isolation and noise reduction. Road wheel
rolling on track. The uneven ground causes vibration.
However, there will be vibrations between the road wheel
and track, and at the same time, there will be impact and
noise.

The overall requirements for road wheels are as fol-
lows: (1) To ensure minimum rolling resistance on the
track, the rolling resistance can be reduced by reasonably
designing the configuration, number, and size of the road
wheels, appropriately increasing the rubber stiffness, and
reducing the friction loss of the bearing. The purposes of
the resistance are (2) long service life under various road
conditions, (3) low dynamic load and noise, and (4) light
weight.

In summary, the effect of road wheels on the per-
formance of tracked vehicles is mainly reflected in the
rolling resistance, ground pressure, maximum speed,
lightweight, ride comfort, and heat dissipation. As the
speed of tracked vehicles increases, the requirements for
the road wheels also increase. Traditional road wheels
have several shortcomings that limit further improve-
ments in vehicle performance. Therefore, it is necessary
to develop road wheels with new structures and coop-
erate with suspension systems to improve the mobility,
passability, and ride comfort of tracked vehicles.

An FRW is a typical statically indeterminate struc-
ture, and its main structure includes a hinge group,
elastic outer ring, and hub, as shown in Figure 1. The
elastic outer ring is the main load-bearing part of the
FRW and is composed of multiple sets of elastic rings,
combination cards, and vulcanized rubber. A plurality
of combination cards was evenly and equiangularly dis-
tributed along the circumference to lock the fixed elas-
tic ring. Hinge groups are used to connect the elastic
outer ring and hub and transfer the force and torque
between them. The hinge group and combination card

are connected by a pin shaft. Each hinge group is com-
posed of two or three hinge bodies connected by pins
such that the hinge group can bend freely under pres-
sure and has a certain flexibility.

Ideally, the elastic outer ring, hub, and two hinge
groups could form a statically indeterminate structure,
whereas the remaining hinge groups could be regarded
as additional constraints. The primary advantage of
such a statically indeterminate structure lies in its
operational resilience. If a portion of the hinge group
experiences failure or damage, provided that it does not
significantly impact the load-bearing capacity of the
FRW, the remaining intact hinge components can con-
tinue to bear the load, ensuring the vehicle’s continued
operation. This feature significantly enhances the reli-
ability and safety of the driving vehicle.

2.2 Finite Element Model

2.2.1 Three-Dimensional Geometrical Modeling

The geometric model of the FRW is assembled from
individual parts, and the movement of the wheel is
achieved by the interaction between the parts. There-
fore, multiple coupling factors, including the structure
of the parts, the connection and assembly relationship
between the parts, and the force transmission, com-
plicate the establishment of a finite element model of
the FRW. To improve the efficiency of the modeling
and solution, the structure of the FRW was reasonably
simplified without affecting the function of each com-
ponent. The complex hinge group was simplified into
a three-link structure. The elastic ring wound with a
steel wire was simplified into a ring with a rectangu-
lar cross-section. The load was assumed to be applied
at the center of the wheel. The relative slip and contact
between the elastic ring and rubber are ignored and
considered as a whole. All the components of the FRW
were built using the 3D modeling software CATIA.
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Figure 2 Uniaxial tensile test of rubber material: (@) Uniaxial tensile test, (b) Structure diagram of rubber specimen

2.2.2 Material Attribute Identification

The definition of material properties is an important
part of the finite element modeling of FRW, which
directly affects the accuracy of the simulation results.
FRW materials are composed primarily of rubber and
various metals. The properties of the rubber materi-
als were obtained using a test method. The properties
of the metal materials, including the Young’s modulus,
Poisson’s ratio, and density, were provided by consult-
ing the relevant literature or by the supplier.

Rubber is a superelastic material with clear viscoe-
lastic characteristics and approximate volume incom-
pressibility. Its mechanical properties exhibit high
sensitivity to the environment, temperature, and load
frequency, thus making the description of the complex
behavior of rubber more difficult. At present, the com-
monly used and mature description methods of consti-
tutive relationship of rubber materials mainly include
statistical model based on molecular chain network
and phenomenological model based on strain energy
form [25-27]. However, most rubber constitutive rela-
tionships are described by phenomenological models

Tlinge connector

Figure 3 Finite element model of FRW with applied boundary
conditions and loads

based on the form of strain energy. The strain potential
energy is used to describe the superelasticity of rubber
materials; that is, the strain energy per unit reference
volume stored in the material is defined as a function
of the material strain at that point. The Mooney-Rivlin
model, which has been widely used in engineering, sat-
isfies the mechanical performance simulation of rubber
materials. The typical binomial third-order expansion
of its constitutive model can be expressed as:

W = Cio(lh — 3) + Co1(l2 — 3). (1)

The stress-strain relationship of the material consti-
tutive model is defined as:

o C01
7 _Cp+ 2
20— Lt )

2(A—A"2)
a straight line with slope Cp; and intercept Cjo. Rubber

From Eq. (2), the relationship between % and is

Hydraulic device

Figure 4 Road wheel test bench
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Figure 5 Verification results of radial deformation of the FRW

material coefficients were determined by fitting the axial
tensile test data.

The dumbbell-shaped test piece of the prepared rub-
ber is shown in Figure 2(b), and the thickness of the test
piece was 2 mm. The samples were fixed within the effec-
tive test range. To ensure the measurement accuracy,
the measurement position was far from the clamping
part. The loading speed of the tensile testing machine is
set to 450 mm/min, and the test ambient temperature
is controlled at 23 C+2 °C. The test process is shown
in Figure 2(a). After the test, the rubber test data were
processed to obtain the stress-strain data of the rubber
specimen, and parameter identification was performed
according to Eq. (2), and two parameters of the Mooney—
Rivlin constitutive model were obtained as follows: Three
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groups of tests were conducted, and the three groups
of data were averaged to obtain the fitting results of the
model parameters.

2.2.3 Meshing and Boundary Condition
The components of the FRW, such as the suspension
hub, hinge group, and rubber layer, were all meshed
using the solid element C3D8R, and the elastic ring
embedded in the rubber layer was modeled using beam
unit B31. The rotary effect between the hinge and hub
or two hinges is simulated by connecting two refer-
ence points coupled to the inner surface of the pin bore
using “hinge connector” The “hinged connector” only
releases the rotational degrees of freedom between
the two points while constraining the remaining five
degrees of freedom. The elastic ring is embedded in
rubber layer by “embedded element” The established
finite element model of the FRW consists of 274257 ele-
ments and 327589 nodes.

The interaction between the FRW and road surface
is divided into normal and tangential interactions. In

Road roughness (m)
(=1
S

T T

Road excitation on wheel 1st 1
- - - - Road excitation on wheel Sst
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Figure 7 Road excitation applied to different road wheels
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ABAQUS, the normal interaction of the contact inter-
faces is simulated using "hard contact” which defined
that the contact pressure becomes zero or negative
when they are separated and the corresponding node
constraints fail. The penalty function method was used
to determine the normal force, as expressed in Eq. (3).

_ | K,C C<0,
Si= { 0 C>o ®)
The use of the small slip algorithm "surface to sur-
face" can improve the accuracy of the stress calcula-
tion under the condition that the sliding between the
contact surfaces is very less. The Coulomb friction
model was used to determine the tangential force, as
described in Eq. (4).
b= Kin,  Adhesive contact,
2= uf, Sliding contact. (4)

S, Mises

(Avg: 75%)
+1.976&+01
+1.811e+01
+1.647e+01
+1.4820401
+1.317e+01
+1.153e+01
+9.880e+00
+8.233e+00
+6.586e+00
+4.940e+00
+3.293e+00
+1.647e4+00
+1.004e-06

U, Magnitude
+2.988e+00
+2.73%9e+00
+2.490e+00
+2.241e+00
+1.992e+00
+1.743e+00
+1.454e+00
+1.245e+00
+9.950e-01
+7.470e-01
+4.9680e-01
+2.4%0e-01
+0.000e+00

(c)
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Figure 3 shows the established finite element model
of the FRW and the applied boundary conditions and
loads. Compared with FRW, the deformation of the
track is very small; therefore, it is set as a discrete rigid
plane. A reference point RP2 was set on the analyti-
cal rigid plane, and three translational degrees of free-
dom and three rotational degrees of freedom in the x,
y, and z directions were limited; thus, the rigid plane
was completely fixed. A reference point RP1 coupled
to the inner surface of the hub was set at the center of
the hub; the translational degrees of freedom in the x
and y directions and the rotational degrees of freedom
in the x, y, and z directions were limited, and only the
translational degrees of freedom in the z direction were
released. Simultaneously, a gently loaded vertical force
F is applied to reference point RP1 such that the FRW
can only deform along the z-axis.

To facilitate a comparative analysis with the FRW, a
three-dimensional finite element model of the RRW with
the same dimensions as the FRW was established. The

S, Mises

(Avg: 75%)
+4.782e+01
+4.383e+01

+2.78%90401
+2.391e+01
+1.992e+01
+1.59404+01
+1.19%e+01
+7.970e+00
+3,985e+00
+3.713e-06

U, Magnitude
+5.691e400
+5.217e+00
+4,7430+00
+4,268e+00
+3.794e+00
+3.320e+00
+2.846e400
+2.371e+00
+1.897e+00
+1.423e+00
+9.485e-01
+4,743e-01
+0.000e+00

(d)

Figure 8 Comparison of stress and deformation between FRW and RRW under static load: (a) RRW stress, (b) FRW stress, (c) RRW deformation, (d)
FRW deformation
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Figure 9 Radial deformation of FRW and RRW under different static

load

meshing adopted a hexahedral mesh, and the material
properties, boundary, and load condition settings were
consistent with the static simulation parameters of the
FRW.

2.3 Model Validation

The radial stiffness of a road wheel is a basic mechanical
property of the road wheel and is affected by its structure
and material. Using a self-developed wheel test bench,
the deformation of the FRW under a static load was
measured, and the experimental results were compared
with the simulation results to verify the reliability and
accuracy of the FE model.

The static loading test of an FRW test prototype was
performed using a road wheel mechanical characteris-
tic test bench independently developed by the research
group. This bench is mainly composed of a power source,
a hydraulic device, a control unit, and a rigid plate, as
shown in Figure 4. The vertical load was gradually applied
to the FRW to obtain the relationship between the verti-
cal load and sinking amount of the FRW. The above steps
were repeated to obtain the relationship between the ver-
tical load and sinking amount of the FRW under different
load conditions.

Table 1 Fitting results of radial stiffness of the road wheel
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Figure 5 shows the variation curve of the radial load
sinking of the FRW with the radial load. With an increase
in the radial load, the sinking of the FRW increased non-
linearly. At the same time, the simulation results are in
good agreement with the experimental results, and the
relative error is no more than 5%.

3 Half Vehicle Model of the Tracked Vehicle

WITH FRW
3.1 Dynamic Model of the Tracked Vehicle
A tracked vehicle is a complex nonlinear system with
multiple degrees of freedom. If these dynamic relations
are completely described, the dynamic model will be very
complex, and the number of calculations will be large,
which makes it difficult to meet the requirements of engi-
neering applications. Therefore, it is necessary to simplify
the tracked-vehicle model. The effect of complex road
excitations is the main characteristic of tracked vehicles
when driving off-road, and the vibration response is ran-
dom. The assumptions and simplifications are as follows
[28, 29]:

(1) The road surface on which tracked vehicles travel is
rigid. The road roughness did not change because of
the rolling of the wheels, and the roughness func-
tions of the left and right ruts were the same. Road
roughness only causes a time delay in the vibration
input of each wheel.

(2) The track structure is regarded as an "infinite track"
similar to the excitation of the paved ground, ignor-
ing the effect of the track on the vehicle body, the
road roughness with the wavelength less than the
track pitch is completely covered by the track shoe.

(3) The center of mass of the vehicle body is symmet-
rical about the longitudinal axis. The rolling vibra-
tion of the vehicle body was low and soon stopped.
The rolling vibrations of the vehicle body can be
ignored. Only the vertical and pitching motions of
the vehicle were considered. A dynamic model of
the vehicle suspension system was established using
a 7-DOF plane half-vehicle model.

Fitting Parameters RRW FRW
SC K,=4.843x10° K,=1.017x10° K;=1.646x10° Ky=1.176x10°
RSS 10.823 0.695
RMS error 1471 0416
Reduced Chi-Sgr 2.164 0.173
Adj. R-square 0.998 0.999
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The tracked vehicle traveled to the left at a constant
speed. The centroid of the suspended mass at the static
balance position of the tracked vehicle is selected as the
origin of the dynamic coordinates. The longitudinal axis
passing through the centroid of the tracked vehicle is X
axis, the transverse X-axis is Y-axis, and Z-axis is Z axis.
The pitch angular displacement of the transverse axis YV
around the centroid of the vehicle body was 6, and the
forward directions of X, ¥, Z and 6 were determined
according to the right-hand rule. A simplified model of
the semi-vehicle parametric dynamics of a tracked vehi-
cle is shown in Figure 6. According to Newton’s law of
motion, the parameterized dynamic expression of a half-
car is established as:

5 5
mypZy + Y Ki(zpi + 10 — zwi) + > csilioi + 1 —2u) =0, (5)
i=1 i=1

5 5
16+ kalizpi + 16 — 2w + > calilepi + 16 — 2) =0, (6)
i=1 i=1
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fori=1,...,5.

All variables and parameters in the above expressions
are listed in Ref. [15], which also states the typical values
used in the simulations.

3.2 Road Excitation Considering the Track Effect

The vibration sources varied while the tracked vehicle
was running. The vibration in the vehicle body is primar-
ily due to the vibration of the engine, and the main source
of the vehicle body vibration is the input of the road exci-
tation. Road excitations can be divided into two main
types. Discrete excitation occurs when a tracked vehicle
encounters bulges or pits while driving. When tracked
vehicles encounter continuous uneven road excitations
while driving, these are called random excitations. In this
study, a road-surface excitation model was established
using a random road input.

When a tracked vehicle encounters a randomly excited
road surface, the road surface roughness must be used
before the road input model is established. The road sur-
face roughness curve indicates the relative changes in the
road surface and reference plane displacement. The rela-
tive change in the vertical displacement of a vehicle while
driving can be defined using a spectral density function.
When the speed of the tracked vehicle is constant, a con-
version between the time and space frequencies can be
realized, and the time frequency can be used instead of
the space frequency. Combined with relevant interna-
tional standard documents, the spectral density of road
roughness was fitted using the following expression [30]:

Gy(n) = Gq(noxnﬁorw. (8)

The road roughness was divided into eight levels
according to the difference in power spectral density,
the road roughness is divided into 8 levels. Because the
road wheel of the tracked vehicle acts on the track, it acts
as a filter for the ground excitation input, which can fil-
ter out uneven road excitations of small wavelengths.
The input models for the road surface can be divided
into two categories: integrated and filtered white noise.

MoiZwi — Ksi(Zp + 10 — zwi) — ¢si(Zp + 16 — Zui) + ki (zwi — 26) + ko (zwi — 24)* = 0, 7)

Table 2 RMS of the vertical acceleration of the body under different speed and road levels

Speed B grade Cgrade D grade
(km/h)
FRW RRW Change (%) FRW RRW Change (%) FRW RRW Change (%)
8 043 0.44 -3.17 0.86 0.88 -3.17 1.71 1.76 —-323
18 045 048 - 6.00 0.90 0.96 —06.64 1.80 1.92 —-6.50
36 0.62 0.66 —6.64 1.24 1.34 —-7.26 248 2.66 —6.88
54 1.01 1.02 -1.18 1.93 2.03 -5.00 3.87 4.06 —4.58
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Figure 13 RMS of pitching acceleration of vehicle body varying
with vehicle speed under different road grades

However, integrated white noise cannot reflect the actual
situation of road unevenness very well, whereas filtered
white noise can consider the filter effect of the track and
achieve good results. White noise is selected as the input
model for the road surface. The input of the road excita-
tion to the road wheels is [31]:

zi = —27mfozi + 2w/ Gouw (t). (9)

The simulation results of the road input obtained
according to Eq. (9) is illustrated in Figure 7. It can be
seen from the figure that the maximum height of the
road displacement can reach 0.15 m, and there is a delay
between the first and fifth road wheels, which is in line
with the real situation encountered during the operation
of tracked vehicles.

4 Results Analysis and Discussion

4.1 Radial Stiffness Analysis of FRW and RRW

The mechanical characteristics of the road wheel deter-

mine many important properties of a tracked vehicle,

and its stiffness characteristics have a significant effect on

vehicle performance. The radial stiffness of road wheels

directly affects the ride comfort of tracked vehicles.
Based on the established nonlinear finite element

model of the FRW, the static load-bearing conditions of

the road wheels and factors affecting the radial stiffness
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were analyzed in detail. Simultaneously, the simulation
results of the FRW and RRW were compared to provide
data for the subsequent establishment of the nonlinear
stiffness model.

Figure 8 shows a comparison of the overall stress and
deformation distributions of RRW and FRW under a
vertical load of 30 kN. As shown in Figure 8(a), the high-
stress area was located at the bottom of the RRW and
extended to the surroundings, verifying the bottom load-
bearing mode of the RRW. The high-stress area of the
FRW is located on the upper hinge group, and the closer
the hinge group is to the central axis, the greater the
stress, as shown in Figure 8(b). As shown in Figure 8(c),
the maximum deformation of RRW occurred at the bot-
tom rubber part. Compared with the RRW, the overall
deformation of the FRW was larger, and the deformation
distribution was more uniform, as shown in Figure 8(d).

Figure 9 shows the radial deformations of FRW and
RRW under different static loads. The results show that
the radial deformation of the FRW is much greater than
that of the RRW, indicating that the flexible road wheel
is softer.

The linear wheel model was first used in the analysis of
vehicle dynamics; however, it has been proven that this
assumption is inaccurate. Therefore, it is necessary to
develop a more accurate nonlinear model based on the
linear model. In engineering applications, the elastic and
damping forces of a road wheel are precisely given by
Egs. (10) and (11):

F,, = Kix + Kyx?, (10)

F. = Cyx. (11)

This model has simple and clear features that satisfy
the requirements of vehicle dynamics analysis. There-
fore, this model was used in this study to analyze the ride
comfort of a tracked vehicle.

Based on the established nonlinear finite element
model of the FRW and RRW, the relationship between
the deformation and radial load was obtained numeri-
cally, and the stiffness coefficient (SC) K; and Kj were
obtained by fitting the load-deflection curve using the
Least Squares method. To evaluate the goodness of fit of

Table 3 RMS of the pitching acceleration of the body under different speed and road levels

Speed B grade Cgrade D grade
(km/h)
FRW RRW Change (%) FRW RRW Change (%) FRW RRW Change (%)
8 0.25 0.20 2893 0.50 0.40 27.34 1.00 0.79 27.57
18 0.30 0.29 1.01 0.60 0.59 1.01 1.20 1.19 0.76
36 0.54 0.55 - 091 1.08 1.09 -1.01 217 2.184 -0.55
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with vehicle speed under different road grades

the fitted curve, multiple indicators such as the residual
sum of squares (RSS), root mean square error, reduced
Chi-Sqr, and R-squared were used. The smaller the resid-
ual sum of squares, root mean square error, and reduced
Chi-Sqr in the indicators, the better the fit; the closer
the R-square is to 1, the more consistent the regression
expression is with the observed value. The parameters of
the final fitted regression expression and evaluation index
are listed in Table 1. These parameters indicated that the
curve fit well.

The number of hinge groups is an important design
parameter that significantly affects the mechanical prop-
erties of FRW. A finite element model of an FRW with
different numbers of hinge groups was established, the
static bearing performance was simulated to obtain the
relationship between the deformation and load, and the
stiffness coefficient was obtained by quadratic polyno-
mial fitting. Figure 10 shows the influence of the num-
ber of hinge groups on stiffness coefficients K, and K.
As shown in the figure, stiffness coefficients K; and K,
increase with an increase in the number of hinge groups.
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4.2 Dynamic Response of Tracked Vehicles with FRWs

The fitted nonlinear model of FRWs was added to the
semi-vehicle dynamic model of a tracked vehicle for
ride comfort simulation analysis. Considering the most
frequent driving conditions of tracked vehicles, a grade
D road was selected in the simulation, and the speed
was set to 36 km/h.

Figure 11(a) shows the vertical acceleration of the
vehicle body in the time domain. As shown in the fig-
ure, the maximum vertical acceleration of the vehicle
body was approximately 10 m/s® Figure 11(b) shows
the root mean square (RMS) of the vertical accelera-
tion amplitude of the vehicle body in the frequency
domain. It can be clearly seen from the figure that there
are three resonance peaks in the vertical acceleration of
the vehicle body, which occur at frequencies of approx-
imately 1.65 Hz, 3.97 Hz and 13.89 Hz respectively,
and the resonance peak decreases with the increase in
frequency.

Figure 11(c) shows the pitch acceleration of the vehi-
cle body in the time domain. It can be seen from the
figure that the maximum value of pitching accelera-
tion of the vehicle body is about 7.8 m/s? Figure 11(d)
shows the root mean square of the pitching accelera-
tion amplitude of the vehicle body in the frequency
domain. It can be observed from the figure that there
are two obvious resonance peaks of pitch acceleration,
and the corresponding frequencies are 1.36 Hz and 5.89
Hz respectively.

4.3 Comparative Analysis on Ride Comfort of Tracked
Vehicles with RRWs and FRWs

To evaluate the ride comfort of tracked vehicles with flex-
ible road wheels, the vertical acceleration, pitching accel-
eration, and root mean square of the dynamic load of the
road wheel were used as evaluation indices to compare
and analyze the ride comfort of tracked vehicles with
rigid and flexible road wheels at different speeds and road
grades.

Figure 12 and Table 2 show the root mean square of the
vertical acceleration of a vehicle body equipped with rigid

Table 4 RMS of the dynamic load under different speed and road levels

Speed B grade Cgrade D grade
(km/h)
FRW RRW Change (%) FRW RRW Change (%) FRW RRW Change (%)
8 113 1.36 —16.69 227 272 -16.62 453 543 -16.52
18 210 216 -296 4.17 432 -3.59 836 8.66 -349
36 3.15 3.34 -5.60 6.30 6.65 —-537 12.67 13.31 —4.85
54 4.29 4.10 4.66 7.86 8.19 —-4.07 15.75 16.30 - 341
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and flexible road wheels, varying with the vehicle speed
on different road grades. It can be observed from the fig-
ure and table that with an increase in the vehicle speed
and road level, the root mean square of the vertical accel-
eration of the vehicle body also increases. The root mean
square of the vertical acceleration of the vehicle body
with RRWs was greater than that of the vehicle body with
FRWs. With an improvement in vehicle speed, the differ-
ence between them first increased and then decreased;
however, the road grade had little effect.

Figure 13 and Table 3 show the root mean square of
the pitch acceleration of the vehicle body equipped with
rigid and flexible road wheels as a function of the vehicle
speed on different road grades. It can be observed from
the figure and table that with an increase in the vehicle
speed and road level, the root mean square of the pitch
acceleration of the vehicle body also increases. When the
vehicle speed was low (8 km/h), the root mean square of
the pitch acceleration of the vehicle body equipped with
RRWs was approximately 28% lower than that of the
vehicle body equipped with FRWs. With an improvement
in road grade, the difference between the two tends to
decrease. However, when the vehicle speed more than 18
km/h, the gap between the two became very small.

Figure 14 and Table 4 show that the root mean square
of the average dynamic load of the rigid and flexible road
wheels varies with the vehicle speed on different road
grades. It can be observed from the figure and table that
with an increase in the vehicle speed and road grade, the
root mean square of the dynamic load of the road wheel
also increases. The root mean square of the dynamic load
of RRW was larger than that of FRW. With an improve-
ment in road grade, the difference between the two tends
to increase. However, with an increase in vehicle speed,
the difference between the two first decreases and then
increases.

5 Conclusions

(1) Considering the drawbacks of traditional RRW,
such as low bearing efficiency, heavy weight, and
poor vibration reduction, this study proposes a new
type of flexible road wheel that breaks through the
solid structure of the traditional RRW, adopting a
flexible catenary structure.

(2) A three-dimensional finite element model of the
FRW considering material and contact nonlinearity
was established using the nonlinear finite element
analysis software ABAQUS. The reliability and
accuracy of the established finite element model
for the FRW were verified using a self-developed
wheel-test bench.
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(3) The overall stress—strain and radial stiffness of the
FRW were analyzed, calculated, and compared
with the static finite element analysis results of the
RRW. The research results show that, compared
with RRW, the overall deformation of FRW is more
reasonable and uniform, and the radial stiffness is
smaller. Nonlinear models of FRW and RRW were
established by fitting the finite element analysis
results.

(4) The ride comfort of tracked vehicles with FRWSs
and RRWs was compared and analyzed. The results
show that FRWs can effectively reduce the vertical
acceleration of the vehicle body and the dynamic
load of the road wheels compared with RRWs,
and the cushioning effect is more obvious with an
improvement in road grade. The results provide
a foundation for replacing RRWs with FRWs and
matching tracked vehicles.

(5) This study investigated the influence of FRW on the
ride comfort of tracked vehicles and showed that
FRW are beneficial for improving the ride com-
fort of tracked vehicles. However, to apply FRW to
tracked vehicles, the comprehensive performance
of tracked vehicles with FRWs, including their traf-
ficability, mobility, and stability, must be further
verified.
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