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Abstract— This paper presents a quasi-static analytical model for 
normal force distribution in a skid-steering mobile robot operating 
on uneven terrain. The model accounts for terrain inclination 
through pitch and roll angles, enabling the analysis of load transfer 
between wheels. In addition, interaction forces arising from wire 
connections are incorporated, extending the formulation to 
physically connected multi-robot systems. Unlike conventional 
models that consider isolated robots, the proposed approach captures 
internal coupling effects introduced by flexible links. The model is 
based on equilibrium equations and provides explicit expressions for 
normal forces as functions of terrain and system parameters. The 
formulation is particularly suitable for systems such as 
RoboShepherd and provides a foundation for further dynamic 
analysis and control design in off-road multi-robot applications. 

Keywords—skid-steering robot, uneven terrain, multi-robot 
systems, wire interaction 

I. INTRODUCTION

Skid-steering mobile robots are widely used in off-road 
applications due to their mechanical simplicity, robustness, and 
ability to operate in challenging environments. Their 
maneuverability is achieved through differential wheel 
velocities, which inherently generate significant wheel slip. As a 
result, the motion of such systems is strongly influenced by 
complex and highly nonlinear wheel–terrain interactions, 
making accurate modeling a challenging task. 

Early research in this area primarily focused on kinematic 
descriptions of skid-steering vehicles, where simplified 
assumptions such as ideal rolling conditions were adopted. 
Although these models provide useful insight into basic motion 
characteristics, they fail to capture the physical phenomena 
associated with slip and soil deformation [1], [2]. To address 
these limitations, later studies introduced more advanced 
formulations based on terramechanics principles, incorporating 
shear stress distribution and sinkage effects in the contact patch 
[3], [4]. 

A critical factor influencing the performance of skid-steering 
robots is the distribution of normal forces among the wheels. It 
is well established that normal forces directly determine the
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maximum achievable traction forces, as both longitudinal and 
lateral tire forces depend on the normal load [5], [6]. 
Consequently, accurate estimation of wheel loads is essential for 
predicting vehicle mobility, stability, and energy efficiency. 

Analytical approaches to load distribution typically rely on 
static or quasi-static equilibrium equations, taking into account 
vehicle geometry and the position of the center of mass [7]. 
These models provide closed-form expressions for normal forces 
and enable efficient analysis of load transfer mechanisms. 
However, their accuracy can be limited when operating 
conditions involve significant dynamic effects or uneven terrain. 

To improve modeling fidelity, several studies have 
incorporated terrain inclination into the analysis, showing that 
both pitch and roll angles induce substantial load transfer 
between wheels [8], [9]. In particular, longitudinal slopes lead to 
redistribution of loads between front and rear axles, while lateral 
slopes cause asymmetry between left and right wheels. 
Furthermore, dynamic models that include inertial effects have 
been developed, allowing for more precise estimation of 
transient load variations during motion [10]. Nevertheless, such 
models often introduce increased complexity, which may limit 
their applicability in real-time control systems. 

Despite the significant body of work on single-robot systems, 
relatively little attention has been given to configurations 
involving multiple physically connected robots. In such systems, 
the interaction between robots introduces additional forces that 
cannot be neglected. These forces arise from mechanical 
coupling elements, such as cables, wires or rigid links, and 
depend on the relative positions and orientations of the robots. 

This problem is particularly relevant in systems such as 
RoboShepherd, where multiple skid-steering robots are 
interconnected via flexible wires forming a closed polygonal 
structure. In this configuration, each robot is subjected not only 
to gravitational and terrain-induced forces but also to internal 
forces transmitted through the wires. These interaction forces 
introduce additional load transfer effects and significantly alter 
the distribution of normal forces across the wheels. 
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Existing studies on RoboShepherd-type systems have 
primarily focused on control strategies, system coordination, and 
experimental validation [11]–[13]. However, the influence of 
internal wire forces on load distribution has not been explicitly 
modeled in analytical form. This represents an important gap, as 
load redistribution directly affects traction capabilities and, 
consequently, the overall performance of the system. 

The main contribution of this paper is the development of an 
analytical model for normal force distribution that incorporates 
both terrain inclination and wire interaction effects. The 
proposed formulation extends classical load distribution models 
by introducing additional moment contributions arising from 
wire forces. In this way, the model enables analysis of physically 
connected multi-robot systems under realistic operating 
conditions. 

II. SYSTEM DESCRIPTION 
The RoboShepherd system is a multi-robot platform 

designed for cooperative operation in outdoor environments. It 
consists of several identical mobile robots that are physically 
connected via flexible wires, forming a closed geometric 
structure. Each robot represents a vertex of the formation, while 
the wires define the edges of the polygon. This configuration 
enables the system to behave as a unified entity capable of 
enclosing, guiding, or delimiting a region in space. 

As shown in Fig. 1, the robots are arranged in a closed-loop 
formation, where each unit is connected to its two immediate 
neighbors. The geometry of the formation is not fixed and can 
change dynamically depending on the motion of individual 
robots. Consequently, the shape and size of the polygon vary 
over time, allowing the system to adapt to different operational 
scenarios. 

 
Fig. 1. Top view of the RoboShepherd system consisting of four skid-steering 

mobile robots connected by flexible wires forming a closed-loop 
configuration. 

Each robot is based on a four-wheel skid-steering platform. 
Locomotion is achieved by independently controlling the 
angular velocities of the wheels on the left and right sides. This 
type of drive mechanism eliminates the need for a dedicated 
steering system but introduces inherent wheel slip, particularly 
during turning maneuvers. Despite this, skid-steering platforms 
are widely used in off-road robotics due to their mechanical 
simplicity, robustness, and ability to traverse uneven terrain. 

The mechanical design of each robot includes a rigid chassis 
and four wheels arranged in a rectangular configuration. The 
center of mass is located above the ground plane, which has an 
important influence on load transfer during motion. The wires 
are attached to the robot structure at elevated points, above the 
wheel axis. This design choice enables effective force 
transmission between robots while also introducing additional 
moments that affect the robot dynamics. 

From a system-level perspective, the RoboShepherd platform 
operates as a physically coupled multi-body system. The motion 
of each robot is not independent, as it is constrained by the wires 
connecting it to its neighbors. Any displacement of one robot 
results in a change in wire lengths and directions, which in turn 
affects the forces acting on adjacent robots. This creates a strong 
coupling between units and leads to complex collective behavior. 

The system is intended for operation in natural outdoor 
environments, as illustrated in Fig. 2. Such environments are 
characterized by uneven terrain, where variations in ground 
elevation introduce additional challenges for mobility and 
control. Each robot may experience different local terrain 
conditions, leading to variations in orientation and contact 
forces. 

 
Fig. 2. RoboShepherd system consisting of four skid-steering mobile robots 

connected via flexible wires forming a closed-loop structure in an 
outdoor environment. 

In addition to gravitational forces, each robot is subjected to 
interaction forces transmitted through the wires. These forces 
depend on the instantaneous geometry of the formation and 
continuously change during operation. As a result, the overall 
force distribution acting on each robot is influenced by both 
external environmental conditions and internal system 
interactions. 

The combination of skid-steering locomotion, uneven 
terrain, and mechanical coupling makes the analysis of 
individual robot behavior nontrivial. In particular, the 
distribution of normal forces among the wheels is affected by 
multiple factors, including terrain inclination and wire 
interaction forces. Understanding this distribution is essential for 
accurate modeling of traction and overall system performance. 

In this paper, the focus is placed on a single robot within the 
RoboShepherd system. The goal is to develop an analytical 
model that captures the influence of terrain inclination and wire 
interaction forces on the normal force distribution at the wheel–
ground contact points. 
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III. LOAD DISTRIBUTION MODEL 
The motion of skid-steering mobile robots is achieved 

through differential actuation of wheels on the left and right 
sides. This driving principle inherently generates wheel slip, 
particularly during turning maneuvers, where wheels are forced 
to move along trajectories that differ from their rolling direction. 
As a result, the interaction between the wheels and the terrain 
plays a crucial role in determining the overall motion of the 
robot. 

In such systems, the distribution of normal forces among the 
wheels is of primary importance, as it directly influences the 
maximum achievable traction forces. Both longitudinal and 
lateral tire forces are proportional to the normal load; therefore, 
uneven load distribution can significantly affect mobility, 
stability, and energy efficiency. This effect becomes even more 
pronounced in off-road conditions, where terrain irregularities 
introduce additional load transfer. 

 
Fig. 3. Forces acting at the wheel–ground contact in a skid-steering robot, 

including normal and tangential components and direction of motion. 

Fig. 3 illustrates the forces acting at the wheel–ground 
contact, including normal and tangential components, as well as 
the direction of motion. Due to the skid-steering mechanism, the 
wheels experience combined longitudinal and lateral forces, 
which depend on the available normal force at each contact point. 

Based on these considerations, an analytical model for 
normal force distribution is developed in the following sections. 

A. Load Distribution without Wire Forces 
In order to establish a baseline for the analysis, the load 

distribution is first considered for a single skid-steering robot 
operating independently, without the influence of wire 
interaction forces. This approach enables a clear understanding 
of how terrain geometry alone affects the distribution of normal 
forces among the wheels. 

When a robot operates on uneven terrain, its orientation 
deviates from the horizontal plane, resulting in nonzero pitch and 
roll angles. These inclinations induce load transfer between the 
wheels, causing certain wheels to experience increased normal 
force while others become partially unloaded. This effect is 
particularly pronounced in off-road conditions, where terrain 
irregularities are significant. 

Fig. 4 illustrates a RoboShepherd robot traversing sloped 
terrain. As can be observed, the robot body is inclined with 
respect to the ground surface, leading to an asymmetric 
distribution of contact forces. In such situations, assuming equal 
load distribution among the wheels would result in significant 
modeling errors. 

 
Fig. 4. Skid-steering robot operating on uneven terrain, illustrating the 

influence of terrain inclination on load distribution. 

From a modeling perspective, the robot is treated as a rigid 
body supported at four contact points corresponding to the 
wheels. The system is statically indeterminate; however, a linear 
load distribution model is adopted, assuming continuous contact 
between all wheels and the ground. Under this assumption, the 
normal forces can be expressed as a combination of a uniformly 
distributed component and load transfer contributions induced 
by pitch and roll moments. 

The total normal force acting on the robot is given by the 
projection of the gravitational force onto the terrain normal 
direction. Load transfer due to pitch results in redistribution of 
forces between the front and rear wheels, while roll induces 
asymmetry between the left and right sides. 

To analyze the stability of the RoboShepherd platform, we 
consider a quasi-static model of the vehicle on an inclined plane. 
The robot is subject to gravitational force G = mg, and the 
interaction with the ground is represented by four normal forces 
Fzi at the wheel contact points. 

 
Fig. 5. Distribution of normal forces and geometric parameters of the mobile 

robot under longitudinal and lateral inclinations. 

Based on Fig. 5, the following dimensions are defined: l 
(half-length), the distance from the center of mass to the 
front/rear axles; w (half-width), the lateral distance from the 
center of mass to the wheels; h the vertical height of the center 
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of mass from the ground plane; θ (pitch), the longitudinal tilt 
angle; φ (roll), the lateral tilt angle. 

Using the wheel numbering from the diagram (1: FR, 2: FL, 
3: RL, 4: RR), the normal forces are calculated as follows: ܨ௭ଵ = ௠௚ ୡ୭ୱ ஘ ୡ୭ୱமସ ቀ1 − ௛⋅୲ୟ୬஘௟ + ௛⋅୲ୟ୬௪ ቁ
௭ଶܨ = ௠௚ ୡ୭ୱ ஘ ୡ୭ୱமସ ቀ1 − ௛⋅୲ୟ୬஘௟ − ௛⋅୲ୟ୬ம௪ ቁ
௭ଷܨ = ௠௚ ୡ୭ୱ ஘ ୡ୭ୱமସ ቀ1 + ௛⋅୲ୟ୬஘௟ − ௛⋅୲ୟ୬ம௪ ቁ
௭ସܨ = ௠௚ ୡ୭ୱ ஘ ୡ୭ୱமସ ቀ1 + ௛⋅୲ୟ୬஘௟ + ௛⋅୲ୟ୬ம௪ ቁ

Longitudinal Transfer: When climbing (θ > 0), the term 
involving l reduces the pressure on the front wheels (Fz1, Fz2) and 
increases it on the rear wheels (Fz3, Fz4). Lateral Transfer: During 
a side tilt (φ > 0), the term involving w shifts the load towards 
the downhill wheels (in this case, wheels 1 and 4). Critical 
Stability: The robot remains stable as long as Fzi > 0. Given the 
height h shown in Fig. 5, the "tip-over" margin is more sensitive 
to terrain irregularities, which is a key challenge for the 
RoboShepherd system. 

B. Load Distribution with Wire Forces 
In the RoboShepherd system, the robot's stability is affected 

not only by the terrain geometry but also by the tension of the 
fence wires. These external forces act at different heights and 
create significant overturning moments. 

 
Fig. 6. Detailed mechanical model of the RoboShepherd platform illustrating 

external wire forces acting at discrete heights. 

According to Fig. 6, the wire forces Fw1j and Fw2j act at 
heights hj (where j=1,2,3). Based on the provided angles α and β, 
the horizontal force components in the robot's local frame are: 

Front-side wire forces (Fw1j): ܨ௪ଵ௝,௫ = ௪ଵ௝ܨ cosα , ௪ଵ௝,௬ܨ  = ௪ଵ௝ܨ sinߙ  

Rear-side wire forces (Fw2j): 

௪ଶ௝,௫ܨ = ௪ଶ௝ܨ cosβ , ௪ଶ௝,௬ܨ  = ௪ଶ௝ܨ sinߚ  

The total external pitch moment (Mp,ext) and roll moment 
(Mr,ext) about the center of mass are: 

Total Pitch Moment (about y-axis): ܯ௣,௘௫௧ = ∑ ൫ܨ௪ଵ௝ cos α + ௪ଶ௝ܨ cosβ൯ଷ௝ୀଵ ⋅ ℎ௝   

Total Roll Moment (about x-axis): ܯ௥,௘௫௧ = ∑ ൫ܨ௪ଵ௝ sinα + ௪ଶ௝ܨ sin β൯ଷ௝ୀଵ ⋅ ℎ௝   

The normal forces for wheels 1 through 4 (1: FR, 2: FL, 3: 
RL, 4: RR) combine the gravitational load transfer due to terrain 
inclination and the disturbance moments from the wire tension: ܨ௭ଵ௧௢௧௔௟ = ௭ଵܨ + ெ೛,೐ೣ೟ସ௟ + ெೝ,೐ೣ೟ସ௪    

௭ଶ௧௢௧௔௟ܨ = ௭ଶܨ + ெ೛,೐ೣ೟ସ௟ − ெೝ,೐ೣ೟ସ௪    

௭ଷ௧௢௧௔௟ܨ = ௭ଷܨ − ெ೛,೐ೣ೟ସ௟ − ெೝ,೐ೣ೟ସ௪    

௭ସ௧௢௧௔௟ܨ = ௭ସܨ − ெ೛,೐ೣ೟ସ௟ + ெೝ,೐ೣ೟ସ௪    

The precise calculation of the normal forces at each wheel is 
not only a matter of static stability but serves as the fundamental 
basis for the robot's skid-steering model. In such drive systems, 
the ability to maneuver depends entirely on the frictional forces 
generated at the contact patches, which are directly proportional 
to these vertical loads. By accounting for the pitch and roll 
moments induced by the fence wires, the model provides a 
realistic estimation of how weight is redistributed during motion. 
This allows the navigation controller to better predict wheel slip 
and dynamically adjust the torque of each motor, ensuring 
precise heading control on uneven pastures and deformable 
terrain. 

IV. NUMERICAL EVALUATION 
To evaluate the proposed equations, a numerical evaluation 

was performed for several representative operating conditions. 
For this purpose, the following model parameters were kept 
constant throughout the analysis: robot mass m=140kg, center-
of-mass height h=0.2m, half of the robot length l=0.7m, half of 
the robot width w=0.6m, first cable-guide height h1=0.7m, 
second cable-guide height h2= 0.5m, third cable-guide height 
h3=0.3m, and gravitational acceleration g=9.81m/s2. The roll and 
pitch angles, as well as the wire force-direction angles, were 
varied. The resulting wheel normal forces for each wheel are 
presented in Table I. 

In order to examine only the influence of terrain inclination, 
all cable-force components were set to zero for the first two 
operating cases (Fw11=Fw12=Fw13=Fw21=Fw22=Fw23=0) thus, 
the angles α and β become irrelevant. In the first case, the roll 
angle was set to zero (φ =0), while the pitch angle was set to 
θ=10°. Under these conditions, the normal forces acting on the 
rear wheels were greater than those acting on the front wheels, 
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which is physically expected due to longitudinal load transfer 
caused by terrain inclination. 

In the second case, the pitch angle was set to zero (θ=0), 
while the roll angle was set to φ=10°. In this configuration, the 
normal forces acting on the wheels located on the downhill side 
(right side) of the robot became greater than those acting on the 
opposite side, which is also consistent with the expected lateral 
load transfer behavior. 

For the next two cases the cable-force components were 
assumed to be constant and equal to 20N 
(Fw11=Fw12=Fw13=Fw21=Fw22=Fw23=20N). This assumption was 
adopted because variations in force magnitude affect all wheels 
proportionally, whereas the dominant influence on wheel-load 
redistribution is produced by the force direction angles α and β. 
The roll and the pitch angles φ and θ were considered to be zero 
in these cases. In Case 3, the angles were set to α=45° and 
β=90°, resulting in the highest normal force occurring at wheel 
1, while the lowest normal force was observed at wheel 3. For 
Case 4, the angles were defined as α=90° and β=135°. Under 
these conditions, the load distribution shifted toward wheel 4, 
which experienced the highest normal force, while wheel 2 
exhibited the lowest wheel–ground contact force. It can also be 
observed that the total sum of wheel normal forces differs from 
the pure gravitational load of the robot due to additional vertical 
components and moments introduced by the cable interaction 
forces. 

TABLE I.  NUMERICAL EVALUATION OF THE MODEL 

case φ θ α β ܨ௭ଵ௧௢௧௔௟ ܨ௭ଶ௧௢௧௔௟ ܨ௭ଷ௧௢௧௔௟ ܨ௭ସ௧௢௧௔௟ 
1 0 10° / / 321N 321N 355N 355N 

2 10° 0 / / 358N 318N 318N 358N 

3 0 0 45° 90° 372N 329N 314N 357N 

4 0 0 90° 145° 357N 314N 329N 372N 

V. CONCLUSION 
This paper presented a comprehensive mathematical model 

for the distribution of wheel contact forces on the RoboShepherd 
platform. The proposed quasi-static model uniquely integrates 
the combined effects of terrain inclination and external wire 
tension forces acting at multiple heights. 

The analysis and numerical evaluation demonstrate that both 
terrain inclination and wire interaction forces significantly 
influence wheel-load distribution in the RoboShepherd system. 
The obtained results confirm that pitch and roll angles produce 
the expected longitudinal and lateral load transfer effects, while 
the wire forces introduce additional moments that can 
substantially redistribute the wheel normal forces. The primary 
contribution of this work is the establishment of a quasi-static 
force-distribution framework that serves as a core input for 
advanced skid-steering control. By understanding how the wire 
tension unloads specific wheels, the robotic system can 
proactively plan maneuvers to avoid loss of traction. 

The current formulation is limited to quasi-static operating 
conditions and does not include inertial effects caused by 
acceleration or deceleration. Future research will focus on the 
real-time implementation of this model, enabling the robot to 
autonomously adjust its trajectory and fence tension to maintain 

optimal stability and operational efficiency during herding. In 
addition, future extensions of the model will include dynamic 
effects caused by acceleration and deceleration. 
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