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Abstract:
A problem of influence of three types of soft ground
on longitudinal motion of a lightweight four‐wheeled
mobile robot is considered. Kinematic structure, main
design features of the robot and its dynamics model
are described. A numerical model was elaborated to
simulate the dynamics of the robot’s multi‐body system
and the wheel‐ground interaction, taking into account
the soil deformation and stresses occurring on the cir‐
cumference of the wheel in the area of contact with
the deformable ground. Numerical analysis involving four
velocities of robot motion and three cases of soil (dry
sand, sandy loam, clayey soil) is performed. Within sim‐
ulation research, the motion parameters of the robot,
ground reaction forces and moments of force, driving
torques, wheel sinkage and slip parameters of wheels
were calculated. Aggregated research results as well as
detailed results of selected simulations are shown and
discussed. As a result of the research, it was noticed
that wheel slip ratios, wheels’ sinkage and wheel driving
torques increase with desired velocity of motion. More‐
over, it was observed that wheels’ sinkage and driving
torques are significantly larger for dry sand than for the
other investigated ground types.

Keywords: Lightweight wheeledmobile robot, Longitudi‐
nal motion, Deformable ground, Dynamics model, Tire‐
ground interaction, Wheel slip, Wheel sinkage, Simula‐
tion studies

1. Introduction
Lightweight wheeled mobile robots are versatile

vehicles that work in both indoor and outdoor envi‐
ronments. The largest group of such vehicles are
lightweight mobile robots, an example of which are
robots for special applications. Such robots move on
a variety of surfaces, both paved [1] and unpaved [2].

At the stage of designing robot structures and
control systems, it is beneϐicial to know the robot
dynamicsmodel [3,4]. The formof the robot dynamics
model is fundamentally inϐluenced by its kinematic
structure [5],whichdependson the areaof application
of the robot. Such amodel canbedevelopedusing clas‐
sical methods, e.g., using the Newton‐Euler formalism
or Lagrange formalism [6].

Alternativemethodsmay also be used inwhich the
dynamics model can be built using system identiϐica‐
tion through measurements of the input and output
signals of the system [7]. This process can be car‐
ried out both ofϐline [8] and online, depending on the
method. It alsomay ormay not require the knowledge
of the robot’s model structure. Artiϐicial intelligence
methods can also be used [9], e.g., based on artiϐicial
neural networks [10], to approximate unknown non‐
linear functions in the dynamics model.

Regardless of the adopted method of creating
the dynamics model, it is important that it takes
into account the wheel‐ground interaction. For this
purpose, tire models are introduced in the dynam‐
ics model. Tire‐ground interaction in the case of
lightweight mobile robots moving at relatively high
speeds should take into account the possibility of
wheel slippage. If robot motion occurs on deformable
ground, then in addition to wheel slip the ground
deformation has to be considered as well. Modeling
the interaction of wheels with unpaved ground is the
subject of terramechanics, the basis of which was for‐
mulated in the work [11].

The problem of motion on deformable ground is
of critical importance in the case of outdoor wheeled
mobile robots used for reconnaissance in civil andmil‐
itary scenarios and is related to the problem of robot
mobility. In this case, the questions of how the ground
type and desired robot velocity affect wheel slips, soil
deformation (or wheel sinkage) and driving torques
should be answered. Examples of studies of motion
of vehicles on deformable grounds, especially tracked
and wheeled ones, are [11,12] and [13]. The majority
of works is focused on manned vehicles; however,
one can also ϐind works concerning wheeled mobile
robots, for instance [14], and in particular planetary
rovers [15, 16]. Heavy off‐road vehicles typically use
pneumatic wheels. Apart from the tread, their driving
properties are determined by tire pressure, as well as
wheel diameter andwidth. The research results in this
area are described, among others, in works [11, 12].
In turn, lightweight vehicles, such as mobile robots
for special applications often have non‐pneumatic
wheels. Therefore, in their case, the mechanical prop‐
erties of the wheel ϐillings used are important.
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The aim of this paper is to study the inϐluence
of three types of deformable ground on the motion
parameters of a lightweight wheeled mobile robot
during its longitudinal motion. The analysis is car‐
ried out for the robot moving with various desired
velocities on three different types of soft ground, i.e.,
dry sand, sandy loam and clayey soil. In the present
work, the numerical analysis only is presented, but
a similar study with experimental veriϐication was
carried out for dry sand in paper [17]. In the present
article, the issue of the interaction of the wheel with
the soft ground is also described inmore detail. In par‐
ticular, the distribution on the wheel circumference
of soil deformations and stresses in the contact area
of the wheel with the ground is analyzed, which is
very difϐicult to perform at the stage of experimental
research.

2. Robot and Its Model
Within this paper, the PIAP GRANITE four‐

wheeled mobile robot with non‐steered wheels is
analyzed. The robot’s wheels are non‐pneumatic, i.e.,
they are ϐilled with stiffening foam. This robot is a
platform dedicated to research (Fig. 1a). The robot’s
kinematic structure is illustrated in Figure 1b, where
the particular subsystems are distinguished, i.e.: 0 –
body, 1–4 – wheels, 5–6 – optional toothed belts.

The robot can be conϐigured to work in several
versions, i.e.: 1. the front or rear drive can be decou‐
pled and only the remaining wheels can be driven;
2. only the front or rear wheels can be driven, but
additional toothed belts can be used to transfer drive
to the remaining wheels; 3. all wheels can be driven
independently. In the case analyzed in this paper, the
toothed beltswere removed, and independent drive of
all wheels was used.

In the case of the robot moving on soft ground,
doublewheelswere used because the use of standard‐
width wheels resulted in toomuch wheels’ sinkage on
sand, making the robot unable to move. The following
designations of geometric parameters of the robot
were introduced in Figure 1b:L –wheelbase,W – track
width (𝐴1𝐴3 = 𝐴2𝐴4 = 𝐿, 𝐴1𝐴2 = 𝐴3𝐴4 = 𝑊), 𝑟𝑖 , 𝑏𝑖 –
respectively radius, andwidth of the i‐th wheel, where
𝑖 = 1,… , 4.

The velocity of the point R of the robot was
assumed as the given parameter of the robot’smotion,
that is 𝑂𝑣𝑅𝑑 = 𝑂𝑣𝑅𝑥𝑑 . The left superscript O means
that the desired velocity is expressed in the station‐
ary coordinates system. If the robot is in longitudinal
motion, the velocities of the geometric centers of the
wheels are equal to the velocity of point R, i.e., 𝑂𝑣𝐴𝑖 =
𝑂𝑣𝐴𝑖𝑥 = 𝑂𝑣𝑅𝑑 .

With regard to desired angular velocities of wheel
spins 𝜔𝑖𝑑 , if the robot moves without slip, they can be
determinedby solving the inverse kinematics problem
for the mobile platform, that is, from the relationship:

𝜔𝑖𝑑 = �̇�𝑖𝑑 = 𝑂𝑣𝑅𝑑/𝑟𝑖 . (1)

Figure 1. PIAP GRANITE robot during tests in a container
filled with sand (a), kinematic structure of the robot (b)

However, wheel slippage may occur while the
robot is moving. The measures of that slippage are
instantaneous longitudinal slip ratios 𝜆𝑖 and mean
longitudinal slip ratio 𝜆𝑅 (longitudinal slip ratio of the
whole robot).

Those slip ratios are given with the formulas:

𝜆𝑖 = ቊ0 for 𝑣𝑜𝑖 = 0,
(𝑣𝑜𝑖 − 𝑅𝑣𝐴𝑖𝑥)/𝑣𝑜𝑖 otherwise, (2)

𝜆𝑅 = (𝑠𝑅𝑥𝑑 − 𝑠𝑅𝑥)/𝑠𝑅𝑥𝑑 , (3)

where: 𝑣𝑜𝑖 = 𝜔𝑖𝑟𝑖 – wheel circumferential velocity,
𝑠𝑅𝑥 – distance traversed by point R of the robot in lon‐
gitudinal direction, 𝑠𝑅𝑥𝑑 – desired distance traveled by
point Rwhen rolling without slip.

For the present investigations, the following
assumptions are adopted:
‐ wheels are treated as rigid bodies,
‐ the so‐called multi‐pass effect (in which a follow‐
ing wheel is subject to smaller rolling resistance,
because it moves in a rut made by a leading wheel)
are not considered,

‐ tread blocks of tires are neglected.
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Figure 2. Illustration of forces and moments of force acting on the robot and its wheels

A multi‐body dynamics model was derived for the
robot. It was assumed that on the robot act the ground
reaction forces, i.e., 𝑅F𝑇𝑖 = [𝑅𝐹𝑇𝑖𝑥 , 𝑅𝐹𝑇𝑖𝑦 , 𝑅𝐹𝑇𝑖𝑧]𝑇 (𝑖 =
1,… , 4) and gravity force 𝑅G = 𝑚𝑅

𝑅g (Fig. 2a), where
𝑚𝑅 is robot total mass, 𝑅g = [𝑅𝑔𝑥 , 𝑅𝑔𝑦 , 𝑅𝑔𝑧]𝑇 the
vector of gravity acceleration, and the left superscript
R means that mentioned vectors are expressed in the
moving coordinate system attached to the robot.

The following indexes are introduced for individ‐
ual pairs ofwheels: f – frontwheels (𝑓 = 1, 2), b – rear
wheels (𝑏 = 3, 4). On each wheel, apart from force
of gravity and forces following from the interaction
with the ground, act driving torque 𝑅T𝑖 = [0, 𝑇𝑖 , 0]𝑇
andmoment ofmotion resistance 𝑅M𝜔𝑖 = [0,M𝜔𝑖 , 0]𝑇
(Fig. 2b).

As a result of the reduction of forces 𝑅F𝑇𝑖 to the
axes of rotation of wheels, the forces 𝑅F𝐴𝑖 = 𝑅F𝑇𝑖 =
[𝑅𝐹𝐴𝑖𝑥 , 𝑅𝐹𝐴𝑖𝑦 , 𝑅𝐹𝐴𝑖𝑧]𝑇 are obtained.

The multi‐body dynamics model is based on the
following equations of dynamics for the whole vehicle
and for individual wheels (associatedwith their spin):

𝑚𝑅
𝑅𝑎𝐶𝑀𝑥 =

4


𝑖=1

𝑅𝐹𝐴𝑖𝑥 +𝑚𝑅𝑔sinΘ, (4)

𝑚𝑅
𝑅𝑎𝐶𝑀𝑧 =

4


𝑖=1

𝑅𝐹𝐴𝑖𝑧 −𝑚𝑅𝑔cosΘ, (5)

𝐼𝐶𝑀𝑦Θ̈ = −
4


𝑖=1

𝑅𝐹𝐴𝑖𝑥𝑅𝑧𝐶𝑀 −
4


𝑖=1

𝑅𝐹𝐴𝑖𝑧𝑅𝑥𝑖 , (6)

𝐼𝑊𝑖𝑦�̈�𝑖 = 𝑇𝑖 +𝑀𝜔𝑖 , (7)

where: 𝑅𝑥𝑓 = 𝐿/2 − 𝑅𝑥𝐶𝑀 , 𝑅𝑥𝑏 = −𝐿/2 − 𝑅𝑥𝐶𝑀 , 𝑅𝑥𝐶𝑀
and 𝑅𝑧𝐶𝑀 – robot mass center coordinates, 𝐼𝐶𝑀𝑦 –
robot mass moment of inertia about the axis parallel
to 𝑅𝑦 and passing through robot mass center, 𝐼𝑊𝑖𝑦 –
wheel mass moment of inertia about its spin axis, E =

Θ̈ and 𝜀𝑖 = �̈�𝑖 – angular accelerations of rotation of
respectively mobile platform and wheel about men‐
tioned axes, 𝑅𝑎𝐶𝑀𝑥 and 𝑅𝑎𝐶𝑀𝑧 – component of the
linear acceleration of the robot mass center.

The developed model enables the solution of the
forward dynamics problem for the robot. According
to this model, in a single time step of simulation, the
following quantities are determined:
1) Instantaneous slip ratios forwheels𝜆𝑖 (𝑖 = 1,… , 4)

and for the robot 𝜆𝑅 from equations (2) and (3).
2) Geometric quantities likemaximumwheel sinkage

𝑧0𝑖 and angles of wheel‐terrain contact 𝜗1𝑖 and
𝜗2𝑖 = 𝑘𝜗2𝜗1𝑖 (Fig. 3a).

3) Soil shear deformation 𝑗𝑖(𝜗1𝑖) according to [13]
and wheel sinkage 𝑧𝑖(𝜗1𝑖) in the range of wheel‐
terrain contact angles from −𝜗2𝑖 to 𝜗1𝑖 based on
dependencies:
𝑗𝑖(𝜗𝑖) = 𝑟𝑖((𝜗1𝑖 − 𝜗𝑖) − (1 − 𝜆𝑖)(sin𝜗1𝑖 − sin𝜗𝑖)),

(8)

𝑧𝑖(𝜗𝑖) = max(𝑧0𝑖 − 𝑟𝑖(1 − cos𝜗𝑖), 0). (9)

4) Pressure 𝑝𝑖(𝜗1𝑖) according to Bekker [11]:

𝑝𝑖(𝜗𝑖) = 𝑘(𝑧𝑖(𝜗𝑖))𝑛 = ቆ𝑘𝑐𝑏𝑖
+ 𝑘𝜑ቇ (𝑧𝑖(𝜗𝑖))𝑛 ,

(10)
where: 𝑘𝑐(𝑘𝜑) – cohesive (frictional) modulus of
terrain deformation, n – terrain deformation expo‐
nent.

5) Normal stress 𝜎𝑖(𝜗1𝑖) ≈ 𝑝𝑖(𝜗1𝑖), maximum shear
stress 𝜏𝑖𝑚𝑎𝑥(𝜗1𝑖), based on modiϐied Mohr‐
Coulomb failure criteria [18] (Fig. 3b) including
the case of moving tire surface with respect to soil:
𝜏𝑖𝑚𝑎𝑥(𝜗𝑖) = min(𝜇𝑠𝜎𝑖(𝜗𝑖), 𝑐 + 𝜎𝑖(𝜗𝑖)tan𝜑),

(11)
that is taking into account soil cohesion c, internal
friction angle 𝜑 and coefϐicient of static friction 𝜇𝑠
for the wheel‐terrain pair according to [19].
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Figure 3.Model of an interaction of the wheel with
deformable ground (a), 𝜏𝑚𝑎𝑥(𝜎) dependency according
to [13] (b)

6) Shear stresses according to Janosi‐Hanamoto
hypothesis [12] in the range of wheel‐terrain
contact angles from−𝜗2𝑖 to 𝜗1𝑖:

𝜏𝑖(𝜗𝑖) = 𝜏𝑖𝑚𝑎𝑥(𝜗𝑖) ቆ1 − expቆ−𝑗𝑖(𝜗𝑖)𝐾 ቇቇ, (12)

where K is the shear deformation parameter.
7) Forces and moments of force like: static normal

load 𝑊𝑖 , traction force 𝐹𝑖 , motion resistance force
𝑅𝑡𝑖 andmoment ofmotion resistance𝑀𝜔𝑖 based on
the known stress distribution over wheel circum‐
ference, according to formulas in [13], i.e., based on
equations:

𝑊𝑖 = 𝑏𝑟න
𝜗1𝑖

−𝜗2𝑖
𝑤𝑖(𝜗𝑖)d𝜗𝑖

= 𝑏𝑖𝑟𝑖න
𝜗1𝑖

−𝜗2𝑖
(𝜎𝑖(𝜗𝑖)cos𝜗𝑖 + 𝜏𝑖(𝜗𝑖)sin𝜗𝑖)d𝜗𝑖 ,

(13)

𝐹𝑖 = 𝑏𝑖𝑟𝑖න
𝜗1𝑖

−𝜗2𝑖
𝑓𝑖(𝜗𝑖)d𝜗𝑖

= 𝑏𝑖𝑟𝑖න
𝜗1𝑖

−𝜗2𝑖
𝜏𝑖(𝜗𝑖)cos𝜗𝑖 d𝜗𝑖 , (14)

𝑅𝑡𝑖 = 𝑏𝑖𝑟𝑖න
𝜗1𝑖

−𝜗2𝑖
𝑟𝑡𝑖(𝜗𝑖)d𝜗𝑖

= 𝑏𝑖𝑟𝑖න
𝜗1𝑖

−𝜗2𝑖
𝜎𝑖(𝜗𝑖)sin𝜗𝑖d𝜗𝑖 , (15)

𝑀𝜔𝑖 = −𝑏𝑖(𝑟𝑖)2න
𝜗1𝑖

−𝜗2𝑖
𝜏𝑖(𝜗𝑖)d𝜗𝑖 , (16)

and ϐinally, resultant forces: longitudinal 𝑅𝐹𝑇𝑖𝑥 =
𝐹𝑖 + 𝑅𝑡𝑖 and normal 𝑅𝐹𝑇𝑖𝑧 = 𝑊𝑖 + 𝐹𝑐𝑖 , which
includes component force resulting from the tire‐
ground system damping 𝐹𝑐𝑖 = 𝑐𝑡𝑖 �̇�0𝑖sgn(𝑧0𝑖).

8) Linear and angular accelerations, i.e.: 𝑅𝑎𝐶𝑀𝑥 ,
𝑅𝑎𝐶𝑀𝑧 , Θ̈ and �̈�𝑖 (𝑖 = 1,… , 4), for the multi‐body
system of the robot based on the equations of
dynamics (4)–(7).
It should be noted, that velocities 𝑣𝑜𝑖 , 𝑅𝑣𝐴𝑖𝑥 , 𝜔𝑖

necessary for determination of slip ratios 𝜆𝑖 and 𝜆𝑅
in the ϐirst stage of the algorithm described above,
coordinates of centers of wheels necessary for calcu‐
lation of wheels’ sinkage 𝑧0𝑖 and angles 𝜗1𝑖 and 𝜗2𝑖 in
the second stage of that algorithm are taken from the
previous time step of calculations.

3. Results of Numerical Studies
Numerical studies were conducted in the Mat‐

lab/Simulink environment.
As part of the preliminary simulation tests, a

numerical veriϐication of the wheel‐ground interac‐
tionmodel was carried out. In these studies, the previ‐
ouslymentioned parameters of this model were taken
into account.

In the calculations, it was assumed that the change
of the angle 𝜗𝑖 ∈ ⟨−𝜗2𝑖 , 𝜗1𝑖⟩will be implemented with
a step Δ𝜗 = 𝜋/180 rad. Moreover, it was assumed
that 𝜗2𝑖 = 𝑘𝜗2𝜗1𝑖 , where 𝑘𝜗2 = 0.4. Calculations
were performed for the following input data: 𝑅𝑧𝐴𝑖 =
0.0815 m, 𝑅𝑣𝐴𝑖𝑥 = 1 m/s, 𝜔𝑖 = 14 rad/s, 𝑇𝑖 =
1 Nm. The assumed angular velocity of the wheels is
themaximum for the GRANITE robot and corresponds
to the circumferential velocity equal to 𝑣𝑜𝑖 = 1.4m/s.

Figure 4 shows the stress distributions 𝝈𝑖(𝜗𝑖) and
𝝉𝑖(𝜗𝑖)on thewheel circumference, the resulting forces
𝑅𝐹𝐴𝑖𝑥 , 𝑅𝐹𝐴𝑖𝑧 and moment of force M𝜔𝑖 as well as the
input and output data for the analyzed test.

Figure 4. Illustration of the distribution of stresses
𝝈𝑖(𝜗𝑖) and 𝝉𝑖(𝜗𝑖) on the wheel circumference as well as
the resulting forces 𝑅F𝐴𝑖𝑥, 𝑅F𝐴𝑖𝑧 and moment of
forceM𝜔𝑖
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It should be noted that the obtained value of the
ground normal reaction force is equal to 𝑅𝐹𝐴𝑖𝑧 =
105.2 N. In the case of the analyzed tire, such a force
would cause its radial deformation equal to Δ𝑟𝑖 =
0.0026m, which is small in comparison with the max‐
imum ground deformation 𝑧0𝑖 = 0.015m.

In turn, Figure5presentsdistributionsof deforma‐
tions of the ground and stresses on the wheel circum‐
ference as a function of the angle 𝜗𝑖 for the analyzed
case.

According to the previously given formulas, after
integration of stresses w𝑖(𝜗𝑖), r𝑡𝑖(𝜗𝑖), f𝑖(𝜗𝑖), f𝑑𝑖(𝜗𝑖)
and 𝝉𝑖(𝜗𝑖), the resultant forces and moment of force,
are obtained, i.e.:W𝑖 , R𝑡𝑖 , F𝑖 , F𝑑𝑖 andM𝜔𝑖 .

It can be noticed that the value of the force F𝑑𝑖 is
signiϐicantly inϐluenced by the stress distribution in
the rear part of the tire in relation to the direction of
movement.

In particular, stress r𝑡𝑖(𝜗𝑖) has negative values in
the range 𝜗𝑖 ∈ (0, 𝜗1𝑖) whilst positive values in the
range 𝜗𝑖 ∈ (−𝜗2𝑖 , 0), while stress f𝑖(𝜗𝑖) has positive
values in the range 𝜗𝑖 ∈ (−𝜗2𝑖 , 𝜗1𝑖), with the largest in
the range 𝜗𝑖 ∈ (−𝜗2𝑖 , 0).

As part of the main simulation studies for the
entire robot, the longitudinal motion for desired max‐
imum velocities 𝑣𝑅𝑢 from 0.2 m/s to 0.7 m/s was
analyzed. Desired maximum acceleration 𝑎𝑅𝑚𝑎𝑥 dur‐
ing speeding up and braking, as well as desired total
distance 𝐿𝑝 to be traveledwere chosen individually for
the particular case of motion. Desired parameters of
robot motion are summarized in Table 1.

The values of the basic parameters of the PIAP
GRANITE mobile robot used in simulation studies are
shown in Table 2. Soil parameters required by the
adopted model and based on work [14] are presented
in Table 3.

The aggregated results of the research are shown
in Figure 6. It can be noticed that the smallest slip
ratios are for dry sand and the largest for sandy loam
and that the slip ratios increase with desired velocity.
The largest wheel sinkage occurs for dry sand, and for
the other analyzed grounds, it is much smaller. The
wheel sinkage increases slightly with robot velocity.

In the case of dry sand, wheel sinkage is much
larger in comparison to radial deformation of the tire,
which would occur on rigid ground. Tire radial defor‐
mation would be 2–3 mm because the radial stiffness
of the tire is𝑘𝑟𝑖 = 40, 000N/m[17]. For the remaining
types of ground, wheel sinkage is of comparable order
to this deformation. The driving torques increase with
velocity, i.e., torques increase nearly two times when
comparing results for 0.2 m/s and 0.7 m/s cases of
desired robot velocity.

In Figures 7–10, detailed results for robot motion
with desired velocity 𝑅𝑣𝑅𝑑 = 0.5 m/s on dry sand,
sandy loam and clayey soil are illustrated.
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Figure 5. Distributions on the wheel circumference of
soil deformations: tangential 𝑗𝑖(𝜗𝑖) (a) and normal
𝑧𝑖(𝜗𝑖) (b), as well as stresses resulting from them:
tangential 𝝉𝑖(𝜗𝑖) (c), normal 𝝈𝑖(𝜗𝑖) (d) and resultants:
w𝑖(𝜗𝑖), r𝑡𝑖(𝜗𝑖), f𝑖(𝜗𝑖), f𝑑𝑖(𝜗𝑖) = r𝑡𝑖(𝜗𝑖) + f𝑖(𝜗𝑖) (e–h)
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Table 1. Desired robot motion parameters for the
investigated cases

𝑣𝑅𝑢 (m/s) 0.2 0.3 0.5 0.7
𝑎𝑅𝑚𝑎𝑥 (m/𝑠2) 0.6 1.2 1.2 2.4
𝐿𝑝 (m) 1.0 2.0 2.5 3.0

Table 2. Basic parameters of the PIAP GRANITE mobile
robot used in simulation studies

Dimensions 𝐿 = 0.425m,
𝑊 = 0.59m,
𝑟𝑖 = 0.0965m,
𝑏𝑖 = 2 ⋅ 0.064m

Masses of the bodies 𝑚0 = 36.54 kg,
𝑚𝑖 = 1.64 kg

Robot mass center coordinates 𝑅𝑥𝐶𝑀 = −0.012m,
𝑅𝑦𝐶𝑀 ≈ 0m,
𝑅𝑧𝐶𝑀 = 0.06m

Mass moments of inertia 𝐼𝑊𝑦 = 0.016 kg m2,
𝐼𝐶𝑀𝑦 = 0.51 kg m2

Tire parameters 𝑘𝑟𝑖 = 40 000 N/m,
𝑐𝑡𝑖 = 1000 Ns/m

Table 3. Soil parameters assumed for the research [14]

Dry sand Sandy loam Clayey soil
n(‐) 1.1 0.7 0.5
𝑘𝑐 (kN/m𝑛+1) 0.9 5.3 13.2
𝑘𝜑 (kN/m𝑛+2) 1 523 1 515 692
𝑐 (kPa) 1 1.7 4.14
𝜑 (deg) 30 29 13
𝐾 (m) 0.025 0.025 0.01

In particular in Figure 7, time histories of desired
and actual robot velocities as well as circumferential
velocity resulting from wheel spin are presented. It
can be noticed that during steady motion, value of
the actual robot velocity 𝑅𝑣𝑅𝑥 is noticeably smaller
with respect to desired velocity 𝑅𝑣𝑅𝑑 . This is because
the robot does not achieve the desired acceleration,
especially in the initial stage of movement.

This, in turn, results from the high values of the
longitudinal slip ratios of the wheels 𝜆𝑖 occurring
especially during the acceleration of the robot. The
robot’s actual longitudinal velocity 𝑅𝑣𝑅𝑥 is closest to
the desired velocity 𝑅𝑣𝑅𝑑 for the case of the robot
moving on dry sand. In all cases, it can be seen that
the maximum circumferential velocity of wheels 𝑣𝑜 is
reached with a delay, which results from the inclu‐
sion of the dynamics of the drive units in the model,
described in paper [17].

In Figures 8–9 the time histories of longitudinal
slip ratios and sinkage for front and rear wheels are
shown, respectively. The time histories of longitudi‐
nal slip ratios are similar for front and rear wheels.
However, a difference can be noticed in the case of
wheels’ sinkage, due to the fact that the center of
mass is located in the rear part of the vehicle. For
this reason, higher values are obtained for the rear
wheels. Similar to the velocity, the time histories of the
longitudinal slip ratios are similar to each other for the

Figure 6. Influence of type of soil and desired motion
velocity on: longitudinal slip ratios for the robot (a),
wheel sinkage (b), driving torques (c)

analyzed ground cases, but during acceleration they
are apparently the smallest for the movement on dry
sand. However, there are large differences in the time
histories of wheels’ sinkage for the analyzed types of
the ground. Deϐinitely the highest values of wheels’
sinkage occur for the robot’s movement on dry sand.
In turn, the smallest values can be seen in the case of
clayey soil.

Finally, in Figure 10, the time histories of driving
torques for front and rear wheels are illustrated. Dur‐
ing acceleration, the highest values of driving torques
are achievedwhen the robotmoves on dry sand. In the
case of other grounds, similar results were obtained,
moreover, the drive torques for the front and rear
road wheels are less differentiated in relation to the
movement on dry sand.

Simulation studieswere also carried out to analyze
the impact of wheel geometric parameters on longitu‐
dinal slip ratios, wheel sinkage and driving torques.

In this research, in relation to standard conϐigura‐
tion of the robot, the following wheel solutions were
analyzed:
1) wheels with width reduced by 50%,
2) wheels with a diameter increased by 50%.

The results of simulation research indicate that
for the analyzed robot motion velocities, changing
the geometric parameters of the wheels has a small
impact on the driving torques.
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Figure 7. Time histories of desired velocity 𝑅v𝑅𝑑 and
actual velocity 𝑅v𝑅𝑥 of the robot as well as
circumferential velocity of wheels 𝑣𝑜 obtained in
simulation of the robot’s movement with the maximum
velocity 𝑣𝑅𝑢 = 0.5m/s on: dry sand (a), sandy loam (b)
and clayey soil (c)
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Figure 8. Time histories of longitudinal slip ratios for
front and rear wheels obtained in simulation of the
robot’s movement with the maximum velocity
𝑣𝑅𝑢 = 0.5m/s on: dry sand (a), sandy loam (b) and
clayey soil (c)
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Figure 9. Time histories of sinkage for front and rear
wheels obtained in simulation of the robot’s movement
with the maximum velocity 𝑣𝑅𝑢 = 0.5m/s on: dry sand
(a), sandy loam (b) and clayey soil (c)
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Figure 10. Time histories of driving torques for front and
rear wheels obtained in simulation of the robot’s
movement with the maximum velocity 𝑣𝑅𝑢 = 0.5m/s
on: dry sand (a), sandy loam (b) and clayey soil (c)
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Figure 11. Influence of type of soil and desired motion
velocity on wheel sinkage for wheels with width
reduced by 50%

Figure 12. Influence of type of soil and desired motion
velocity on longitudinal slip ratios for the robot for
wheels with a diameter increased by 50%

When wheels with a smaller width were used,
slight changes in longitudinal slip ratios and a signif‐
icant increase in wheel sinkage were observed. The
change in wheel sinkage can be seen from the com‐
parison of the results shown in Figure 6b for wheels
with a larger width and in Figure 11 for wheels with
a smaller width. This observation is consistent with
the effects of preliminary experimental tests for the
PIAP GRANITE robot and was the reason for the use
of wheels with larger width.

The results of simulation studies also indicate that
the use of wheels with a diameter 50% larger leads
to a reduction in wheel sinkage, but this change is
not signiϐicant. However, the use of larger diameter
wheels leads to a signiϐicant reduction in longitudinal
slip ratios, especially at higher velocities. This can be
seen by comparing the results shown in Figure 6a for
wheels with a smaller diameter with the results in
Figure 12 for wheels with a 50% larger diameter.

4. Conclusion and Future Works
Within this paper the simulation studies of inϐlu‐

ence of type of deformable ground on longitudinal
motion of lightweight wheeled robot was carried out.

Investigated cases included four desired velocities
of motion, i.e.: 0.2 m/s, 0.3 m/s, 0.5 m/s and 0.7 m/s
and three types of ground: dry sand, sandy loam and
clayey soil.

For all those cases, aggregated results of wheel slip
ratio, wheel sinkage and wheel driving torque were

presented. Detailed results for the case of 0.5 m/s
velocity on all analyzed types of soil were also shown.

The followingmain conclusions canbedrawn from
the conducted numerical research.

If a lightweight wheeled mobile robot moves on a
deformable ground, then:
‐ longitudinal slip ratio signiϐicantly increases with
desired velocity;

‐ wheel sinkage increases with desired velocity – in
case of motion on dry sand, wheel sinkage is much
larger than radial deformation of tire which would
occur for comparable wheel load on rigid ground;

‐ wheel driving torques increase with velocity and
reach the largest values for robot motion on dry
sand;

‐ changing thewheel width signiϐicantly affects wheel
sinkage, i.e., it is higher for narrower wheels;

‐ changing the wheel diameter causes, in turn, a
change in the longitudinal slip ratios, i.e., they
decrease as the wheel diameter increases.
The scope of further research may include:

‐ modeling the dynamics of both lightweight and
heavy vehicles using wheels with ϐillings of various
mechanical properties;

‐ simulation studies taking into account tire deforma‐
tion, tread blocks andmulti‐pass effect in tiremodel;

‐ experimental studies of the robot motion on sandy
loam and clayey soil;

‐ simulation and experimental studies of robot turn‐
ing and rotation in place for various types of the
ground.
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