THIS IS AN EARLY ACCESS ARTICLE.

This article has been accepted for publication in a future issue of this journal,
but has not been fully edited. Content may change prior to final publication.

BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES
DOI: 10.24425/bpasts.2027.7726

Multibody modelling and verification of a
Lightweight Unmanned Ground Vehicle

D. Tomica™, L. Sniezek!, A. Rubiec!, T. Muszynski', P. Krogul, D*. Szpaczynska'

' Faculty of Mechanical Engineering, Military University of Technology, Kaliskiego 2, 00 - 908 Warsaw, Poland

Abstract. Unmanned Ground Vehicles (UGVs) are widely used in hazardous and unpredictable environments. Their drive and
undercarriage systems are subjected to complex dynamic loads that can affect operational reliability. Simulation models can be
used to analyse these forces, but existing studies often rely on simplified models that neglect some of important factors. The aim
of this study is to develop, parameterize and numerically verify a detailed multibody model of a lightweight tracked UGV, with
particular emphasis on the representation of the track system, suspension, drivetrain components and contact interactions. The
verified model is intended to provide a basis for subsequent experimental validation and detailed load analysis. The model was
created by using CAD-based geometry of a real platform and contained detailed representations of track segments, suspension
elements, drivetrain components, and their interactions. The results demonstrate that the model reproduces key aspects of a real

system and after validation can be used for further load analysis.
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1. INTRODUCTION

Unmanned ground vehicles (UGVs), particularly lightweight
mobile robotic platforms, are increasingly used in applications
requiring reliable operation in challenging and unstructured
environments [1-6]. They enable remote or autonomous
execution of tasks in locations that are difficult to access or

hazardous to human operators, including inspection,
monitoring, and technical intervention [4, 7-9].
Lightweight mobile robots have demonstrated high

effectiveness in a wide range of applications involving
operation in hazardous or restricted environments [10],
[11][12—14]. The increasing availability of synthetic chemical
substances has raised concerns related to accidental or
unauthorised handling of dangerous materials in civilian
contexts [ 15]. As a result, incidents involving hazardous objects
or materials may pose significant risks to public safety in
densely populated or infrastructurally complex areas [16, 17].
In many such cases, risk mitigation and neutralisation tasks are
carried out by specialised response teams equipped with
protective equipment and lightweight mobile robotic platforms,
which enhance operational safety and efficiency by enabling
remote intervention and reducing direct human exposure [18—
20].

The construction of lightweight mobile robots, combining
compact dimensions with high obstacle-negotiation capability,
allows them to operate in a wide range of demanding terrain
conditions. A critical feature of these robots is their ability to
operate, for example, in urban areas, on soft ground, through
water obstacles, or in mountainous terrain [10, 11, 21, 22].
Many of these robots use tracked drive systems, which reduce
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ground pressure and facilitate motion on low-bearing-capacity
surfaces such as mud or snow. However, their undercarriage
and drive systems are subjected to various dynamic loads,
including vertical loads caused by terrain irregularities, lateral
loads associated with abrupt changes in direction, and fatigue
loads during prolonged operation [23, 24].

The operational cycle of mobile robots typically comprises
three stages: reaching the mission site, performing the assigned
task (including motion with a load held by the manipulator), and
returning to the home base. The drive and undercarriage
systems are used during each of these stages. Therefore, their
efficiency and reliability are critical to mission success. Failure
of either system may compromise the mission, underscoring the
importance of robust design and reliable assessment of
drivetrain and undercarriage loads [25].

Current research trends [28-39] focus primarily on three areas:
the development of mapping and navigation software [26-29],
the design of new robotic systems [30-33] and simulation of
drive and undercarriage loads [34-37]. A broad overview of
mathematical approaches used to describe the kinematics and
dynamics of wheeled and tracked UGVs is provided in [38]
including formulations accounting for longitudinal and lateral
forces, turning resistance and vehicle—terrain interaction.
However, multibody models provide the possibility of
explicitly representing individual components, constraints and
contact interactions. This paper focuses on the third area. In this
field, several modelling approaches can be distinguished,
differing primarily in the degree of model simplification. One
of the most important simplifications concerns the
representation of the tracks. One approach reduces track-system



complexity by increasing the diameter of the support wheels
while omitting the track itself. This representation, referred to
as a string track model, significantly reduces the number of
degrees of freedom and, consequently, the computational cost.
However, its accuracy may be limited, particularly when
simulating motion over hard surfaces with small irregularities.
In the same model, the geometry of individual drivetrain
components was also simplified by replacing them with basic
solids [39].

Another modelling approach uses a multibody track
representation, which is more complex than the previously
described method but still does not necessarily reproduce the
actual geometry of all components. Such models account not
only for the connections between wheels and track segments
but also for interactions between the track system and
suspension components. Including these interactions is
important because it enables a more realistic representation of
impacts, friction, and motion resistance arising from contact
between multiple bodies [40—42]. One commonly used
formulation is impact contact, implemented in software such as
MSC Adams and its ATV (Adams Tracked Vehicle) module
[39]. ATV provides a ready-made environment for modelling
tracked vehicles and enables rapid model development without
constructing the tracks from first principles. A more
comprehensive application of the Adams Tracked Vehicle
toolkit was presented by Grazioso et al. [43].who developed and
experimentally validated a multibody model of a tracked robot
equipped with a passive articulated suspension. Particular
attention was paid to the representation of the suspension swing
arms and the rubber track belt. The validated model was
subsequently used to assess the suspension performance under
different operating configurations. However, its predefined
structure limits detailed parameter adjustment and the
representation of selected phenomena relevant to the present
modelling approach. More recently, Febbraro et al. [44]
proposed a highly detailed object-oriented multibody model of
a tracked agricultural robot, including a discretised flexible
track, complete suspension system and track—terrain
interaction. An important feature of this approach is its
capability to represent both rigid and deformable terrain, with
the model experimentally validated under indoor and outdoor
conditions.

A dynamic model of a track system incorporating spring-
damping elements was developed in [45]. However, this model
did not account for the actual geometry of components such as
individual track links, the drive wheel, or the road wheels. This
approach primarily stems from the fact that using CAD models
of the vehicle significantly increases computation time.

A more detailed approach incorporating the actual geometry of
components omitted in the previously described study was
proposed in [46]. In this model, the components are
characterised by parameters such as mass and moments of
inertia. However, the geometry of selected components,
including suspension arms, torsion beams, and drive wheels,
was simplified to reduce computational complexity. Retaining

*e-mail: dawid.tomica@wat.edu.pl

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

detailed geometry is particularly important for components
such as wheels and track links because these directly govern
local contact interactions. Consequently, such models can
provide a more faithful representation of the physical system.
Similar research was reported in [7]. In that study, contact
constraints were defined between 32 track elements, connected
by rotational joints, and the drive wheel. Spring-damper
elements were included, and track tension was represented
using a spring-damper component positioned between the
support wheels and the drive wheel. The study also emphasised
the role of the suspension system in absorbing impact loads and
distributing forces between the track and the ground. However,
friction between the track links, drive wheel, and support slides
was neglected, while the obstacles were represented as rigid,
non-deformable bodies [7]. Multibody simulation has also been
applied specifically to the assessment of obstacle-negotiation
capabilities of lightweight tracked UGVs. Szpaczynska et al.
[47] compared several multi-tracked running-gear
configurations using obstacle-crossing simulations and
experimentally identified terrain parameters, demonstrating the
usefulness of MBD models for evaluating mobility-related
performance at the vehicle level.

Although simplifications can reduce model-development and
simulation time, they may also reduce model fidelity.
Therefore, an appropriate balance between computational
efficiency and physical representation must be established.
Existing studies predominantly focus on track modelling, while
fewer works comprehensively integrate track dynamics,
suspension behaviour, drivetrain mechanisms, and inter-
component contact interactions. The primary objective of this
study is therefore to develop, parameterise, and numerically
verify a detailed multibody model of a lightweight tracked
UGYV. The verification focuses on track-belt behaviour, contact
interactions, suspension representation, numerical stability,
time-step sensitivity, and model response to changes in vehicle
velocity. The resulting model is intended as a basis for
subsequent experimental validation and further analysis of
drivetrain and undercarriage loads.

2. UNMANNED GROUND VEHICLE MODELLING

The modelling process was conducted in a multibody
simulation environment using MSC Adams/View. The model
was based on a real mobile platform used in engineering and
intervention operations (Figure 1). The modelling procedure
was intended to reproduce the dynamics of the drive and
undercarriage systems, with particular emphasis on the
interactions governing load transmission during operation.
Before developing the simulation model, described in Sections
2.2-2.4, a structural decomposition of the UGV was carried out
(Section 2.1). This enabled the identification of the subsystems
and components most relevant to mechanical load transmission,
while less significant elements, such as mission-specific
accessories, were simplified or omitted. The modelling
procedure began with the development of accurate 3D
geometry, which served as the basis for the subsequent
multibody simulation and numerical verification.
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Fig.1. Modeled Unmanned Ground Vehicle [48].

2.1. UGV decomposition.
The modelled UGV is a lightweight tracked platform designed
for patrol and intervention tasks [48]. Its main structure
comprises a central body (red), interchangeable mission
modules such as a manipulator, sensor packages, or
neutralisation tools (blue), a track belt (black), and the drive and
undercarriage system (green) (Figure 2).
In the configuration used for modelling, external mission-
specific elements such as X-ray modules or hazardous-material
handling tools were omitted because of their variability and
relatively small influence on drivetrain dynamics.
In the configuration used for modelling, external mission-
specific elements such as the x-ray modules or hazardous
material handling tools were omitted due to their variability and
relatively low impact on the drivetrain dynamics.
The subsequent sections focus on the essential mechanical
subsystems of the robot. The components most relevant to the
present model are the undercarriage, drivetrain, and track-belt
systems (Figure 3), including:
e the drive wheel - transmitting torque from the electric
motors to the track;
e road wheels - five pairs per track, connected through
spring-damping suspension units;
e idler wheel - responsible for track tension adjustment;
e support slides (rollers) - reducing track sag and
maintaining belt alignment;
an elastomer track belt - constructed from reinforced
rubber segments.
All these elements are integrated within the tracked running
gear. Their interactions determine the dynamic response of the
robot, particularly during motion over irregular terrain and
obstacle negotiation. Track pretension was introduced through
the front idler-wheel tensioning mechanism. The idler wheel
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Fig.2. UGV decomposition effect: blue - manipulator, red - body,
black - track belt, green - undercarriage.

to the connected to the chassis through a spring-damper
element. The initial position/deflection of this element defined
the initial track pretension, while its compliance allowed the
tension to vary dynamically during vehicle motion.

Following the structural decomposition, detailed geometric
models of the retained assemblies were created and imported
into the simulation software. These CAD models formed the
basis of the multibody model and enabled the calculation of
internal forces, moments, and relative displacements within the
undercarriage system.

elastomer track
belt idler wheel

ing-dampi
spring-damping support rollers \

elements
drive wheel

V/ammne T 777

road wheel

Fig.3. UGV undercarriage, drive and track belt systems.

2.2. UGV mass properties.

To support reliable dynamic analysis, a detailed 3D geometric
model of the UGV was developed from direct measurements of
the physical platform. The components were reconstructed in
CATIA V5 and exported in STEP format for import into the
MSC Adams/View.

e  The geometric model includes: the central chassis
structure, treated as a rigid body;

five pairs of double road wheels per track;

suspension arms and torsion beams;

front idler wheels with spring-loaded tensioners;

drive wheels with realistic tooth geometry;

a 54-segment discretized discretised track belt model;

the manipulator treated as a single rigid body.
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To minimise computational cost while preserving mechanical
realism, minor geometric simplifications were applied to the
arms and supporting structures. However, the geometry of the
track teeth, road wheels, and drive wheels was retained in detail
because these components govern local contact interactions and
force transmission. The mass and inertia properties of each
component were determined from the assigned material density
and corresponding geometric model. The calculated values are
summarised in Table 1 and identified in Figure 4.

TABLE 1. Mass and inertia properties of the UGV model components

L. I, L. Number T(.)tal
No. of m;, kg | weight,
kgmm? | kgmm® | kgmm?
elements kg
1. 3639 1843 1843 2 6.89 13.78
2. 718 622 153 2 0.37 0.73
3. 160 82 82 16 0.10 1.57
4. 48885 44066 6347 2 3.22 6.43
5. 356 278 77 8 0.15 1.17
6. 145 136 11 8 0.07 0.52
7. 704 643 61 4 0.21 0.85
8. 781 395 395 6 0.21 1.25
9. 165 125 40 2 0.14 0.29
10. 63 63 12 108 0.07 7.88
11. 6313 4676 1902 1 7.25 7.25
12. 423 408 23 1 49.75 49.75
SUM 160 91,47
I 11 (144, my7Y
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Fig.4. Main UGV model components and their mass and inertia
properties.

2.3. Track belt model.

The modelled UGV uses an elastomeric track belt. The track
consists of an elastomer belt reinforced with longitudinally
oriented aramid cords that carry tensile loads. Additional drive
and guide teeth ensure proper engagement with the drive wheel
and guide the track along the road wheels and supporting
elements. The outer surface of the track is equipped with tread
blocks that improve ground contact, traction, and mobility on
uneven terrain (Figure 5).
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A

B
Fig.5. Structure of the UGV track belt: A - main reinforcing cords
(transmitting tensile forces in the track), B - drive-guide teeth, C -
tread block

To replicate the real behaviour of the track while
adequately simplifying its model, a CAD model was first
created by dividing the track belt into 54 identical segments
(Figure 6). A force-based connection was introduced between
adjacent segments, allowing angular and translational
displacements in selected directions.
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Fig.6. Track belt model.

The forces and moments between the segments are
calculated using a stiffness-damping matrix, where the user-
defined values are the stiffness and damping coefficients:

Fy k,000 0 07 %1 [&x000 0 07 [%
E, 0ky00 0 O |¥Y] |0c,00 00| |y
Fl_[00k, 0 00z} {00c 000 _z'(l)
T, 000k,0O a 000c, 0 0] |a
Ty {000 0ky O |Bl |[0000¢cy 0] |8
T, 000 0 0kedly 0000 0ced Ly

where: x, y, z - linear displacements; a, B, y - angular
displacements; kyy, - linear stiffness coefficients; krxy. -
rotational stiffness coefficients; cyy, - linear damping
coefficients; crxy. - rotational damping, coefficients x,y,Z -
linear velocity, &, B,y - angular velocity.

The resultant force and torque depend on relative linear and
angular displacements as well as relative linear and angular
velocities between the connected track segments. When no
relative motion or rotation occurs between the markers, the
resulting forces and torques are equal to zero.
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Fig.7. UGV undercarriage model structure: R - rotational joint; k - stiffness coefficient; c - damping coefficient, ® - angular velocity of drive

wheel

2.4. Undercarriage model.

The undercarriage model is presented in Figure 7. All
components were assumed to be rigid, and rotational joints
were applied where required. The model consists of 298 rigid
bodies, 78 rotational joints, and 123 fixed constraints, resulting
in 710 degrees of freedom.

When preparing the model, several assumptions were
introduced to maintain a balance between the representation of
the relevant physical phenomena and the computational
complexity of the multibody system.

All structural components of the UGV undercarriage were
represented as rigid bodies. This assumption was adopted
because the primary objective of the model is to reproduce the
global dynamics and load transmission within the track,
suspension and drivetrain systems rather than local structural
deformation. Introducing flexible bodies would considerably
increase the computational cost of an already complex model
containing a discretised 54-segment track belt and numerous
contact interactions. Consequently, local elastic deformation
and stress distribution within individual structural components
are outside the scope of the present model.

Clearances in the rotational joints were neglected. Explicit
representation of joint clearances would require additional
contact definitions and contact parameters, further increasing
both the numerical complexity and computational cost.
Therefore, the present model does not reproduce impact
phenomena that could result from backlash or wear in
individual joints.

The ground was represented as a rigid, non-deformable surface.
This assumption corresponds to the current scope of the
numerical verification, which considers motion on hard
surfaces and obstacle negotiation. Consequently, the present
model should not be directly interpreted as representing UGV
operation on deformable soil. The model architecture
nevertheless allows the rigid-ground formulation to be replaced
by a deformable-terrain or terramechanical interaction model in
subsequent studies. Such an extension would affect both motion
resistance and the transmission of dynamic loads through the
track-terrain interface because deformable terrain introduces
additional compliance and energy dissipation that are absent for
arigid surface.
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During the verification simulations, vehicle motion was
prescribed by applying angular velocity directly to the
rotational joints of the drive sprockets. This kinematic
excitation provides a controlled and repeatable input, which is
particularly useful for assessing contact stability, numerical
convergence and sensitivity to vehicle velocity. The developed
model is not restricted to this excitation method, and the
prescribed angular velocity can be replaced by a drive torque or
by a more detailed actuator model in subsequent applications.

3. UGV MODEL PARAMETRISATION
AND VERIFICATION

Once the geometry and structural layout of the UGV were
established, the next step in developing the simulation model
was the precise definition of its physical and interaction
parameters. Due to the complexity of multibody dynamics in
tracked vehicles, a wide range of parameters must be defined to
faithfully capture real-world behaviour. These include:

e  parameters governing track segment connectivity;

e  contact characteristics between rigid bodies;

e mechanical properties of spring-damper elements;

e initial conditions and driving input.

At this stage, the methodology focused on defining the
initial parameter values and numerically verifying the
behaviour of the developed model.

The adopted approach was intended to ensure that the model
represents not only the geometry of the robot but also the
internal force transmission and dynamic response of the system
under the analysed conditions. The verification procedure
assessed the response of the model to changes in key
parameters. Successful completion of this stage provides a basis
for subsequent experimental identification, validation of the
complete UGV model, and detailed load analysis.

3.1. Track belt.

The stiffness and damping coefficients used in the track-belt
model should ultimately be determined through a combined
static and dynamic identification procedure. Following the
methodology described in [49], the stiffness coefficients are
first adjusted on the basis of a static test so that the calculated
track deflection corresponds to that measured for the physical
track belt. In the subsequent dynamic test, the stiffness is further
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refined to reproduce the oscillation period of the physical
system, while the damping coefficients are adjusted to
reproduce the decay of oscillations and the number of
observable vibration cycles. In the present study, these
experimental identification tests were not yet performed. Both
tests were performed exclusively in the numerical simulation
environment and constituted part of the model verification
procedure; therefore, preliminary parameter values were
adopted from the literature and subsequently subjected to
numerical sensitivity assessment. High stiffness and damping
values were assigned in the y and z directions and for rotations
a and B, while the remaining parameters were varied to assess
their influence on track behaviour. This approach maintained
sufficient track stiffness in directions other than the principal
bending direction over the wheels. Two tests were prepared
(Figure 8): (a) a static test, in which the track deflection under
its own weight was evaluated as a function of selected
parameters; and (b) a dynamic test, in which changes in the
damping behaviour were observed with respect to variations in
individual parameters. Due to the nature of the test, the
parameters governing the relative rotation between individual
track segments-namely k;, and c,,-were varied.

a)

Fig.8. Schematic representation of track belt tests: (a) static; (b)
dynamic; Hs - static height, Hd - dynamic height, Ai - amplitude

For the dynamic test - a 0.2 kg mass was applied to the upper
surface of the track belt. The following quantities were used to
evaluate the model response:

e the logarithmic decrement of damping (Figure 9),
described by the following relation:
A

§=n%t @)

2
e the dimensionless damping ratio:

S

= e o)

. the time constant (1) of a second-order inertial system,
defined as the time after which the amplitude decreases to
Ale (Figure 9);

e the dynamic amplification factor ¢ defined according to
the following relation:

A_us
(Pd=$ 4).

eyust
X
A
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t

Fig.9. Typical response to a step input together with the physical
interpretation of the time constant of a second-order inertial system.

TABLE 2. Results of static and dynamic verification tests of the track-

belt model

ke, Co, 0
No. | Nmm/ | Nmms N 1) & T8 on

rad /rad mm
1. 6500 250 201.27 | 0.73 0.12 1.46 29.54
2. 6500 500 201.29 1.47 0.23 0.73 20.16
3. 6500 1000 | 201.37 | 3.14 0.45 0.34 8.2
4. 6500 150 20137 | 0.44 0.07 242 33.95
5. 6500 350 201.36 1.03 0.16 1.04 25.39
6. 7500 250 244.43 0.64 0.10 1.46 21.33
7. 8500 250 27742 | 0.60 0.10 1.33 14.88
8. 5500 250 132.58 0.81 0.13 1.79 48.39
9. 6000 250 175.23 0.76 0.12 1.59 38.28

Figure 10 presents the time histories of the track-belt height H
for selected parameter configurations (1, 4, 5, 6, and 8). The
response can be divided into two distinct phases. During the
initial phase (0—10 s), the system undergoes free vibration and
settles to a static equilibrium corresponding to track deflection
under its own weight. This phase is characterised by damped
oscillations whose amplitude and decay rate depend on the
assumed stiffness and damping parameters

Time [s)
Fig.10. Time histories of track height H for selected parameter
configurations under own mass and load with 0.2 kg mass.

6
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The parameter variation presented in Table 2 and Figure 10
constitutes a deterministic sensitivity assessment of the track
model with respect to the rotational stiffness and damping. The
results demonstrate that these parameters have a pronounced
influence on both the static deflection and transient response of
the track belt, including the oscillation decay rate, damping
ratio, time constant and dynamic amplification factor. The
objective of this stage was therefore not to quantify statistical
parameter uncertainty, but to identify physically consistent
preliminary parameter values and evaluate the responsiveness
of the numerical model before experimental validation.
Accordingly, the parameters listed in Table 3 should be
regarded as the verified preliminary parameter set within the
scope of the present study rather than as experimentally
identified final values.

At t = 10s, an additional load is applied, resulting in a second
transient response. When the additional load is applied, the
system exhibits a second transient response. The track height
decreases rapidly and is followed by damped oscillations until
a new equilibrium position is reached. The magnitude of
deflection and the dynamic response vary considerably between
configurations, indicating strong sensitivity of the track model
to parameter changes.

Configuration 6 exhibits the highest stiffness, with the smallest
deflection and fastest stabilisation, whereas configuration 8
exhibits the largest deflection and lowest damping, resulting in
more pronounced oscillations and a longer settling time. The
remaining configurations (1, 4, and 5) show intermediate
behaviour with similar trends but different damping
characteristics.

Overall, the results confirm that the track-model response is
strongly dependent on the selected stiffness and damping
parameters, particularly in terms of dynamic stability and load-
induced deflection. Based on the obtained characteristics and
the literature, preliminary interaction-force parameters were
selected from configuration 8 at this stage, bearing in mind that
subsequent experimental validation was required. The values of
the individual parameters defined in Eq. (1) are presented in
Table 3.

TABLE 3. Values of connection parameters between track belt

segments
k, N/mm ¢, Ns/mm ki, Nmm/rad ¢, Nmms/rad
ky 1e+06 Cx 1e+06 Kix 1e+06 Cix le+05
ky 1e+03 [ 2.5e+02 Ky 1e+06 Ciy le+05
k, le+06 c, 1e+06 k, | 5.5e+03 Cy, 2.5e+02

3.2. Contact between bodies.

Accurate representation of contact interactions between system
components is essential for obtaining reliable results from
multibody simulations, particularly in the case of tracked
vehicles operating under complex loading conditions. In the
developed UGV Contact interactions between the model
components were described using the IMPACT function
implemented in MSC Adams/View [50]. The IMPACT
function defines the normal contact force (F) generated when
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the distance between the interacting bodies becomes smaller
than the reference contact distance

The principle of this function can be illustrated using the
collision of a sphere with a flat surface (Figure 11). When the
distance between markers I and J reaches the value x1,
corresponding to the onset of contact, the force generated by the
IMPACT function is activated.

o ¥ X
'OY °’¢ %
)

Fig.11. Function IMPACT working scheme.

As long as the distance between markers / and J is greater than
x, this force remains equal to zero, if not it is described by the
following equations [50]:

F=F,+F (6)

F =k(x; —x)° — CpaxX * STEP(x,x; — d, 1,x1,0)  (7)

where: F — contact force, Fy — stiffness component of contact
force; F. — damping component of contact force; k — contact
stiffness coefficient; ¢ — contact damping coefficient;
s — contact stiffness characteristic exponent; x, x;, d —according
to Figure 11.

The stiffness component counteracts mutual penetration of the
contacting surfaces (Figure 12a). The damping coefficient c,
which defines the damping component of the contact force,
depends on the relative penetration velocity of the two bodies.
It reaches its maximum value, ¢uqx at the maximum penetration
depth d defined which is defined as one of the simulation
parameters. (Figure 12b).

Fc

Femax

X1 x1-d X1
a) b)
Fig.12. Characteristics of Fi (a) and F. (b) components.

In addition to the normal contact force, tangential interactions
were modelled using a Coulomb friction formulation
incorporating static and dynamic friction coefficients. The
transition between static and dynamic friction regimes was
controlled using predefined velocity thresholds.
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Several contact pairs were defined in the model, including
interactions between the track belt and the drive wheel, road
wheels, supporting elements, and ground. Each pair was
assigned a dedicated set of parameters, including stiffness,
damping, force exponent, penetration depth, and friction
coefficients. These parameters were selected to represent the
physical properties of the interacting materials while
maintaining stable numerical performance.

a)

. Re=54mm

R->e0

Fig.13. Contact pairs in the UGV model a) track belt - ground, b) track
belt - supporting element, c) track belt - track roller, d) drive wheel -
track (circumferential and radial force).

The determination of appropriate contact parameters was
carried out using a comparative approach based on simulations
performed in the Siemens Simcenter environment. The
Simcenter contact model is based on well-defined material
properties, such as Young’s modulus (E), Poisson’s ratio (v),

accuracy and computational effort, and reflects the level of
precision required at the present verification stage. Further
refinement of the contact parameters was reserved for the
subsequent experimental validation stage. The relative error
values for the analysed contact pairs are presented in Table 5.

TABLE 5. Average relative error of sphere displacement between
Adams and Simcenter simulations for different contact pairs.

Contact between track belt and: di, [%]
Drive wheel 11.61
Track roller 0.30
Supporting element 0.39
Ground 2.49

Based on the conducted analysis, the contact parameters
assigned to individual contact pairs were set and are
summarized in Table 6. Coulomb friction was also included in
the model and characterised by the static friction coefficient u,
dynamic friction coefficient py, stiction transition velocity vg,
and friction transition velocity v,;. These parameters were
assigned constant values for each individual contact pair based
on the material properties and characteristics of the interacting
surfaces. The adopted values ensure numerical stability of the
model while maintaining a physically consistent representation
of contact interactions between the cooperating elements of the
track system. Particular attention was paid to the proper
selection of stiffness and damping coefficients, as these
parameters significantly influence both the magnitude and
distribution of dynamic loads within the undercarriage system.

TABLE 6. Contact parameters in the UGV model

and contact geometry (sphere diameter) (Table 4), which are Contact between k. N/mm . ¢.Ns/mm | d,mm
readily available and provide a clear physical basis for track belt and:
parameter definition. In contrast, the equivalent parameters Drive wheel 57.0 1.460 0.0014 0.5
used in the MSC Adams IMPACT formulation are not directly Track roller 69.0 1.454 0.0032 0.5
defined by conventional material properties and therefore Supporting element 56.0 1.452 0.0045 0.5
require an additional calibration procedure. For this reason, Ground 58.0 1.459 0.0011 0.5
Simcenter 3D was used as a numerical reference for the s L v, vy
preliminary determination of the IMPACT parameters. Drive wheel 0.7 0.6 1 20
TABLE 4. Material datasheet for modelled elements [51] Track roller 0.5 0.4 1 20
Part name Material E, MPa v Supporting element 0.6 0.5 1 20
Track belt Elastomer 50 0.5 Ground 0.7 0.6 1 20
Drive wheel Plastic 2500 0.4
Track roller Plastic 2500 0.4 3.3. Full UGV model.
Supporting element Steel 20700 0.27 The initial UGV model was developed to fulfil several
Ground Concrete 30000 0.2 functions required for preliminary numerical verification before

Equivalent simulations were then performed in MSC Adams,
where the parameters of the IMPACT function (stiffness,
damping, and force exponent) were iteratively adjusted to
reproduce the displacement vs. time responses obtained in
Simcenter (Figure 14). The calibration process was considered
satisfactory when the average relative error between the two
simulation approaches was below 15%, which was deemed
sufficient for the intended level of model fidelity (Figure 15).
This threshold was selected as a compromise between model’

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

experimental validation. The main objective was to assess
whether the model produced physically consistent responses,
remained numerically stable, and responded appropriately to
variations in selected input parameters.

The first simulation scenario involved straight-line motion over
a flat surface at a maximum velocity of 8 km/h, with particular
emphasis on the stability of the contact interactions.
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Fig.14. Calibration of sphere-sphere contact model parameters between Simcenter 3D Motion and MSC Adams.

Vehicle motion was prescribed by a STEP-defined angular —
velocity applied directly to both drive wheels. e ) O
The simulations were performed using the GST IFF integrator

(Generalized Singly Diagonal Implicit Runge-Kutta), which is
well-suited for stiff and highly nonlinear systems. Additionally,
the I3 (Implicit 3) integration scheme was employed to improve
numerical stability and accuracy, particularly for small time
steps. A fixed time step of 0.01 s was used in the initial
simulation. il
During the first series of simulations, significant non-physical
oscillations were observed in the contact force between the 00 0s N 24 L
track and the ground (Figure 16). Their magnitude and  Fig.16. Time history of the track-ground contact force prior to geometry
frequency indicated numerical instability and made the results  odification

unsuitable for further analysis.
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Fig.15. Graphical representation of the displacement of sphere 1 in the QY axis for different contact: a) track belt - ground, b) track belt -
supporting element, c) track belt - track roller, d) track belt - drive wheel.
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Detailed investigation revealed that the primary cause of these
anomalies was the interaction between sharp edges of the track
grousers and the irregularities of the ground surface.

To eliminate the observed instabilities, the geometry of the
track segments was simplified (Figure 17) by removing sharp
edges while preserving the geometric interlocking between the
track and the ground. After these modifications, the contact-
force response became substantially more stable and the
previously observed non-physical spikes were effectively
eliminated (Figure 18).

a) b)

)

Fig.17. Track segment simplification: a) Track segment before
modification, b) modified track segment

RPP_MODEL

ce (newon|

2004

0o T - T
(1] 08 12 18 24 30
Time (sec)

Fig.18. Time history of the track-ground contact force after geometry
modification.

In subsequent iterations of the drivetrain model, additional
modifications were introduced to improve the interaction
between the drive wheel and the track segments. In the initial
configuration, the contact was defined directly using CAD-
based geometry (Figure 19), which resulted in undesirable
phenomena such as excessive penetration and random force
spikes. These effects were primarily caused by point contact
between sharp edges and flat surfaces (Figure 20), leading to
numerical instability of the model.

Contact surfaces

Fig. 19. Initial CAD-based contact between the drive wheel and track
segment.

RPP_MODEL

4500

Force (newton)

00 30
Analysis: Last Run Time (sec) 20240114 16:22:25

Fig. 20. Time history of the track-drive wheel contact force before
geometry modification.

To eliminate the previously identified issues, a simplified
sphere-plane contact model was introduced. A massless
spherical element was placed at the centre of each track segment
and acted as an intermediary for force transmission between the
drive wheel and the track. Two independent contact
formulations were assigned to this sphere: one representing the
tangential (circumferential) force component and the other "
representing the radial (normal) force component acting "
perpendicular to the drive-wheel contact surface (Figure 21).

P

Torque on drive wheel [Nm]
=4

2
0
Contact sphere 25

Fig. 21. Modified contact model between the drive wheel and track
segment using a spherical interaction element.

The proposed modification substantially reduced non-physical
force spikes, as confirmed by the contact-force time histories
obtained for the updated configuration (Figure 22). The
observed behaviour is also consistent with the theoretical
interaction between a drive wheel and a track, according to
which most of the transmitted torque is carried by a single
tooth, while the remaining teeth contribute progressively less
to load transfer.

Fig. 22. Time history of the track- drive wheel contact force after
contact model modification.
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The adopted contact modelling approach improved both
numerical stability and physical consistency of the simulation
results, which is essential for subsequent load analysis of the
drivetrain system.

In the next stage, a time step sensitivity analysis was performed
to evaluate the influence of integration step size on the
simulation results. The objective was to determine an optimal
time step ensuring a balance between numerical accuracy,
model stability, and computational efficiency. Simulations with
a total duration of 5 s were conducted, starting from a time step
of 0.0001 s, which was subsequently increased by an order of
magnitude in successive iterations.

The time-step sensitivity study was performed for straight-line
motion of the UGV on a rigid flat surface. The vehicle motion
was imposed by applying the same prescribed angular-velocity
input to both drive wheels. Each simulation lasted 5 s, and the
integration time step was varied from 0.0001 s to 0.1 s. The
quantities used for comparison were the drive-wheel torque
time history and the total computation time.

During the simulations, the driving torque at the drive wheel
and the total computation time were evaluated for different time
step values. The results are presented in Figure 23. The obtained
results clearly indicate that decreasing the time step leads to a
significant increase in computation time. For the smallest
analysed time step (0.0001 s), the simulation time exceeded 100
minutes, whereas for the largest time step (0.1 s), it was reduced
to less than 10 minutes.

At the same time, the time step has a pronounced effect on the
predicted driving torque. For large time step values (0.1 s), the
torque response exhibits significant oscillations and irregular
behaviour, indicating insufficient numerical accuracy. As the
time step decreases, the torque signal becomes progressively
smoother and more stable. For time steps of 0.001 s and 0.0001
s, the differences between the results are minimal, suggesting
convergence of the numerical solution.

Time step = 0,0001 —— Time step = 0,001s

Time step =0,01s Time step =0,1s

ooy

Torque on drive wheel [Nm]
=

0001 —

Time step [s]

ooy

o o # ® w w u
Computation time [min]

250 300 350 4.00 450 5.00
Time [s]

Fig. 23. Influence of integration time step on driving torque and
computation time.

Based on the performed analysis, a time step of 0.001 s was
selected as an optimal compromise between numerical
accuracy and computational efficiency. Further reduction of the
time step does not significantly improve the quality of the
results while substantially increasing the computational cost.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

The final stage of model verification involved assessing its
sensitivity to vehicle speed during obstacle negotiation. A
reference simulation scenario was defined as the traversal of a
log obstacle, performed at three different velocities: 2, 4, and 6
km/h. A representation of the analysed case is shown in Figure
24, illustrating the model configuration before track-obstacle
interaction as well as characteristic vehicle positions during the
obstacle crossing process.

—»

Fig. 24. Representation of the tracked vehicle crossing a log obstacle.

The simulation results are presented in Figure 25. Analysis of
the obtained responses indicates a strong influence of vehicle
speed on both the magnitude and character of the loads within
the system. As the velocity increases, a clear rise in peak force
values is observed in the drivetrain, track, and suspension
components. The highest load levels occur at a velocity of 6
km/h, reflecting the increasingly dynamic nature of the
interaction with the obstacle.

For the drive wheel, the reported load represents the equivalent
circumferential force, calculated from the drive-wheel torque.
Driving force represents the tangential force component
responsible for torque transmission rather than the magnitude
of the resultant contact force. An increase in its peak value is
observed with increasing vehicle speed, with the highest values
occurring during obstacle negotiation. A similar trend is evident
in the track forces, where higher velocities lead to short duration
but significantly higher force peaks, exceeding those observed
at lower speeds.

The analysis of the Y-direction reaction force measured at the
suspension-arm revolute joint reveals a change in the system
behaviour. At lower speeds, the response is predominantly
quasi-static, whereas at higher speeds, dynamic effects become
dominant, resulting in rapid force variations and increased
irregularity of the load signals.

The obtained results confirm that the model correctly captures
the relationship between vehicle speed and load response,
demonstrating sensitivity to changes in operating conditions.
This indicates that the model is suitable for further dynamic
analyses, including extreme load evaluation and fatigue
assessment.
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a) Load on drive wheel The influence of numerical parameters was also evaluated
500 — 2k through time step sensitivity analysis. The results indicated
=400 —akm/h convergence of the solution for smaller time steps, while a value
S 00 Sfm/h of 0.001 s was identified as an optimal compromise between
2 accuracy and computational efficiency.
jg 20 Finally, the model was assessed under dynamic conditions
S 100 during obstacle crossing. The results showed a clear increase in
0 h load magnitude and dynamic effects with increasing vehicle
S A A T speed, confirming that the model correctly captures the
b) Load on swing arm relationship between operating clondltlon.s anq system response.
4000 — 2kmjh Overall, the performed numerical verification demonstrated
zzzz ——akm/h that the developed model provides stable, repeatable, and
Z 2500 Sk physically consistent results within the analysed simulation
52000 conditions. The resulting parameter set provides a basis for
S 1500 subsequent experimental validation of the complete UGV
1000 model and, following validation, for detailed analyses of
SDZ A R vw 1 | LY | drivetrain and undercarriage loads.
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c) Load between track segments
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%30 000 Technology under the research project UGB 22-104/2026 (531-
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Fig. 25. Influence of vehicle speed on load response during obstacle
crossing: a) load on drive wheel, b) load on swing arm, c) load between
track segments.
4. CONCLUSIONS
The verification process focused on the parameterisation and
assessment of key subsystems, including the track belt model,
contact interactions, suspension elements, and numerical solver
settings. The results of static and dynamic tests of the track
model demonstrated a strong dependence of system response
on stiffness and damping parameters, particularly in terms of
deflection, oscillation amplitude, and stabilisation time.
Different parameter configurations led to significant variations
in dynamic behaviour, confirming high sensitivity of the track
model to input parameters.
The calibration of contact interactions using a comparative
approach with Simcenter simulations resulted in satisfactory
agreement between the two numerical models, with an average
relative error below 15%. This level of agreement was
considered sufficient for the present numerical verification
stage while maintaining simulation stability.
Additional verification stages included modification of contact
geometry and formulation, which significantly reduced non-
physical force oscillations and improved the consistency of
simulation results. The introduction of simplified contact
representations, such as the sphere-based interaction model,
proved effective in stabilising force transmission between
cooperating elements.
12
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