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Sammanfattning 
I denna uppsats presenteras resultatet av ett examensarbete i maskinkonstruktion på KTH. 
Arbetet har utförts på uppdrag av Poki Robotics via konsultbolaget Omecon. 

Poki Robotics vill automatisera uppsamlingen av golfbollar på så kallade driving ranges, genom 
att nyttja en hjuldriven autonom robot med ett tillhörande uppsamlingssläp. Enligt Poki Robotics 
samlas 5000 golfbollar upp under en intensiv dag, vilket innebär att en total massa av ca 230 kg 
måste uppsamlas och förflyttas. Detta ställer höga krav på dragkraften som drivlinan måste förse 
roboten med. 

Rapporten beskriver konceptframtagningen av drivlinan till den hjuldrivna autonoma roboten. 
Konceptet genererades genom att först utvärdera framdrivning inom robotik i en förstudie. Olika 
styrsystem utvärderades utifrån ställda krav på mjukvarubaserad styrning, mekanisk komplexitet, 
effektivitet och mobilitet. Styrsystemen utvärderades i en Pugh-matris som mynnade ut i två 
styrningar som visades mest lovande. Styrningarna utvärderades med en terrängmekanisk 
beräkningsmodell för att utvärdera framdrivande egenskaper, och därmed bedöma vilken som 
var mest lämpad för syftet utifrån ställda krav. 

För den lämpade styrningen genererades och utvärderades koncept för drivlinan med avseende 
på underhåll, montage, tillverkning, robusthet och förmåga att uppta laster. Det slutgiltiga 
konceptet bestod av en borstlös likströmsmotor, försedd med ett planetväxelhuvud och en 
parallell hjulaxel med en kuggremsutväxling. 

Konceptframtagningen resulterade i en CAD-modell som visade att drivlinan uppfyllde 
dimensionella krav. 

Den terrängmekaniska beräkningsmodellen nyttjades enbart som ett verktyg för att ge en 
indikation på prestanda och som indata för konstruktionen. Beräkningsmodellen har 
begränsningar i form av att den inte är lämpad för små hjuldiametrar, att den inte tar hänsyn till 
rotförstärkt mark samt att den utesluter de pneumatiska däckens elastiska egenskaper. 

Nyckelord: Mobil robot, drivlina, terrängmekanik, AMR 
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Abstract 
This thesis presents the result of a master thesis in machine design at KTH. The task was 
performed for Poki Robotics via the consulting firm Omecon. 

Poki Robotics wants to generate an autonomous solution for the collecting of golf balls on 
driving ranges, by utilizing a wheeled autonomous mobile robot coupled with a towed collecting 
unit. According to Poki Robotics, 5000 golf balls are collected on a busy day, yielding a total 
mass of approximately 230 kg that must be collected and towed. This sets high demands on the 
towing force that needs to be provided by the powertrain. 

The report describes the concept generation of the powertrain for a wheeled autonomous robot. 
A prestudy was done to evaluate wheeled locomotion in mobile robotics. Different steering 
systems were evaluated by different metrics including mechanical complexity, efficiency, 
mobility and demand for software-based control. The steering systems were evaluated using 
Pugh matrices, yielding two steering systems that showed to be promising. A terramechanical 
analytical model was used to further evaluate tractive performance of the two steering systems, 
to conclude which steering system was most suitable for the purpose with respect to the set 
requirements. 

Concepts were generated and evaluated for the powertrain of the chosen steering system, with 
respect to maintenance, assembly, manufacturing, robustness and load carrying capacity. The 
final concept yielded an EC-motor with a planetary gearhead, with a parallel wheel shaft and a 
timing belt gearing. 

The concept generation resulted in a CAD-model showing that the powertrain met the targeted 
dimensional constraints. 

The terramechanical analytical modelling was used solely as a tool for indication of performance 
and as input data for design. The model has limitations due to it not being suitable for small 
wheel diameters, not taking root reinforcement of the soil into account and excluding the 
pneumatic tire’s elastic properties. 

Keywords: Mobile robot, Powertrain, Terramechanics, AMR 
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NOMENCLATURE 

In this section, notations and abbreviations used in the report are explained. 

 
 

Notations 

Symbol Description 

 

b Wheel thickness (m) 
b’ Width of loading area from wheel (m) 

c Cohesion of soil (kPa) 

d Shaft diameter (m) 

g Gravitational acceleration constant (m/s2) 

kc Cohesive modulus of soil deformation (kPa/mn+1) 

k φ Frictional modulus of soil deformation (kPa/mn+2) 

l’ Length of loading area from wheel (m) 

n Exponent of sinkage (-) 

p Ground contact pressure (Pa) 

pc Pressure due to carcass stiffness (Pa) 

pgcr Critical ground pressure (Pa) 

pi Inflation pressure (Pa) 

z Wheel sinkage (mm) 

zr Wheel sinkage for a rigid wheel (mm) 

A Area of contact patch (m2) 

D Wheel diameter [m]  

E Young´s modulus (Pa) 

Fmax Maximum soil thrust (N) 

Rc Compaction resistance (N) 

Rr Rolling resistance (N) 

Rtot Total resistance (N) 

W Normal force of mobile robot (N) 

τ Shear stress of soil (Pa) 

φ Angle of internal friction of soil (degrees) 

 



  

Abbreviations 
AMR Autonomous Mobile Robot 

CAD Computer Aided Design 

DBP Drawbar pull 

DC DC motor 

PG Planetary gear 
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1 INTRODUCTION 
The introduction chapter presents the background to the problem, the purpose, delimitations and 
method used throughout the thesis. 

1.1 Background 
A mobile robot is defined as an automatic vehicle that is capable of locomotion. It can either be 
fully autonomous or travel a predefined route in an enclosed space. Mobile robots can be applied 
in a vast variety of environments to perform different tasks. They are often present in industrial 
settings, for example in warehouses to make shelf stocking more efficient but also in a more 
commercial setting, as can be seen in autonomous lawn mowers and vacuum cleaners. Despite 
its application, the common theme is to make the performance of a task more efficient and 
economic by replacing manual operation. 

One of the most important aspects of a mobile robot is its mobility. When applied to a certain 
environment to perform a certain task, the following question is raised: how can the mobile robot 
move unsupervised to fulfill its designated task? This in turn raises the question: what 
mechanisms of locomotion are needed to enable this? 

One task that is yet to be fully automated on a commercial scale is the collecting of golf balls on 
driving ranges. The collecting is currently done using a ball-picking system connected to a 
manually driven golf cart. As the collecting is done by a worker, it is both time consuming and 
inefficient, making the process a non-optimal utilization of resources for the golf club. 
According to Poki Robotics, 5000 golf balls are collected on a busy day. This yields almost 230 
kg of golf balls that needs to be collected and towed, which sets high demands on the 
powertrain’s tractive performance. 

Poki Robotics wants to create a mobile robot that could make the collecting autonomous and 
more resource efficient. The idea is to attach a collector, similar to the collector attached to the 
golf cart, to a mobile robot. Poki Robotics wants to evaluate wheeled locomotion that yields high 
DBP performance and thus a desirable pre-condition for a high-capacity collecting unit. 

 

 

Figure 1. Schematic picture of mobile robot and collecting unit configuration 
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1.2 Purpose 
The purpose of the thesis is to evaluate mechanisms of wheeled locomotion suitable for a mobile 
robot in a golf range environment. The thesis should result in a powertrain concept for a steering 
system that yields high DBP performance and preconditions for high controllability. Further, it 
should provide a basis for development of chassis, development of control software as well as 
development of a collecting unit. Terramechanics will be utilized to evaluate steering systems’ 
tractive performance and as a tool for powertrain design. 

1.3 Scope 
The trafficability criteria is the core of the analysis, meaning that design considerations and 
qualitative performance evaluations have their fundament in the powertrain’s tractive abilities 
relative to the soft soil terrain. 

1.4 Delimitations 
Assumptions and limitations on the terramechanical analysis: 

• Shear displacement is assumed to be negligible 

• Repetitive loading is not taken into account 

• The increase of load bearing capacity of root reinforcement is not taken into account 

• Lateral resistances due to skidding is not taken into account 
There are generally four wheel designs that are applied in mobile robotics: the pneumatic tire, 
caster wheel, mecanum wheel and spherical wheel (R. Siegwart, I.R Nourbakhsh, 2001). The 
design of the two latter running gears are optimized for plane indoor environments rather than 
for off-road purposes and will thus not be covered further. 

Due to the need of a significantly high torque, planetary gearmotors were used exclusively in the 
concept generation. 

1.5 Method 
1.5.1 Information search 
Firstly, an extensive background study of locomotion in mobile robotics was performed to 
provide a foundation for the thesis work. The information search provided a general insight into 
how mobile robotic steering systems work, what can be expected in terms of performance and 
design complexity. 

The background study also provided the theoretical framework for terramechanics - this includes 
obtaining analytical methods and gathering of information on terrain properties. 

1.5.2 Requirement specification 
Based on the information research and meetings with the stakeholder, a requirement 
specification was formulated with metrics and constraints that were quantified. The requirement 
specification formulated constraints regarding both steering system and powertrain, in terms of 
control, manufacturing, maintenance, design complexity, tractive performance and dimensions. 
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1.5.3 Steering system evaluation 
Steering systems were evaluated using Pugh matrices with defined metrics attained in the 
information search and that were further formulated in the requirement specification. The 
evaluation directed focus to what type of steering systems and running gear configurations that 
would be further analyzed in a tractive study. 

1.5.4 Tractive study 
A tractive study was performed to quantify what can be expected in terms of performance for the 
chosen steering systems. Running gear configurations were evaluated using a semi-empirical 
terramechanics method developed by Bekker (J.Y. Wong, 2009). 

1.5.5 Concept generation 
Powertrain concepts were generated based on brainstorming and from performing case studies 
on wheeled mobile robots. The concepts were generated with several metrics in mind, including 
load carrying capacity, strain on gear motor, maintenance, manufacturing and assembly. 

1.5.6 Concept evaluation 
The concepts were evaluated using a Pugh decision matrix by how well they fulfilled the criteria 
presented in the requirement specification. 

1.5.7 Concept realization 
The chosen powertrain concept was dimensioned and visualized in a CAD model performed in 
Solid Edge. 
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2 FRAME OF REFERENCE 
The frame of reference chapter presents relevant knowledge for running gears, steering systems 
and terramechanics. The chapter provides information on how the semi-empirical analytical 
method was utilized for performance evaluation, presents metrics needed to describe steering 
systems, as well as components used in the implementation to obtain a better understanding of 
the generated concepts. 

2.1 Running gears 
2.1.1 Pneumatic tire 
Pneumatic tires have two primary designs; the cross- and radial-ply. The cross-ply, also called 
bias-ply tires have plies that are lapped over each other. Because of its design, the sidewalls and 
tread of the tires are connected and work together rather than independently. This gives a strong 
and stiff design with good stability that can handle hard obstacles. Cross-ply tires are usually less 
expensive than the radial-ply counterpart. Due to the stiffness of the design, the tire will not 
provide a passive suspension to the vehicle and thus forces will be transmitted throughout the 
vehicle. 

Radial-ply tires are designed in a way that allows for the sidewalls and tread to work 
independently from one another. The radial construction provides a broader, flatter footprint, 
with less soil compaction and rolling resistance. The flexibility of the design also gives a 
primitive suspension for the vehicle.  
 

 

Figure 2. Bias and radial ply pneumatic tire (K. N. Brodbeck, 2004) 
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2.1.2 Caster wheel 
A caster is a wheel assembly that can either be rigid or be allowed to swivel, i.e. to rotate along 
its vertical axis. The latter type is commonly seen in mobile robotics, either as a passive support 
wheel or an active wheel that can provide full maneuverability in the plane. A common problem 
is that the caster can make an oscillating rotational movement around the vertical axis, often 
called a caster flutter. This affects the odometry results, as the flutter movement will cause small 
changes in the heading of the mobile robot. Due to the rotation around its vertical axis, it’s also 
prone to following ruts in the terrain, especially if the casters are narrow. 

Caster flutter can be avoided by ensuring a low operational speed, as the fluttering tends to occur 
at high speeds. Thick grease can also be used to dampen the oscillations. 

 

 

Figure 3. Caster wheel (R. Siegwart, I.R Nourbakhsh, 2001) 
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2.2 Running gear configuration 
For rolling locomotion in mobile robotics, static stability is generally not the issue as 
configurations are always designed to have all wheels in contact with the terrain. Traction, 
maneuverability and control are rather the criteria that the locomotion will have to be evaluated 
for. (R. Siegwart, I.R Nourbakhsh, 2001, 2001)  

The mobile robot’s running gear configuration highly dictates the mobile robot’s mobility 
performance. The total amount of wheels, and whether they are passive or active, will govern the 
robot’s static and dynamic stability as well as maximum available tractive force. To best present 
running gear configurations and their mobility performance in a general sense, five common 
steering systems in wheeled mobile robotics (R. Siegwart, I.R Nourbakhsh, 2001) are presented 
in chapter 2.3. 

Certain metrics needs to be defined before presenting the steering systems. Mobility can be 
broken down in to three sub-categories accordingly: 
 
Maneuverability, defined as the robot’s “ability to change its heading, avoid obstacles and 
navigate through cluttered environments.” 
 
Trafficability defined as the robot’s “ability to generate traction and overcome resistances.” 
 
Terrainability defined as “the locomotion’s ability to negotiate rough terrain features without 
compromising the vehicle's stability and forward progress.” (Apostolopoulos, 2001) 

A fourth metric needs to be introduced for the evaluation of wheeled locomotion, which is the 
controllability metric. (Introduction to Autonomous Mobile Robots, 2001)  

Controllability is a purpose-driven and relative metric, dependent on application and what is 
wished for in terms of precision in maneuvers. For this purpose, precise maneuvers in cluttered 
environments are not of interest. Rather, the wheeled mobile robot will cover a certain area and 
will have to be in close proximity to a certain path where golf balls are found in high density. 
Thus, if implementing more actuators or separate mechanisms of steering, the mobile robot will 
require more in terms of control to follow the designated path and thus controllability is lowered. 
A steering system with a low amount of actuators will in turn lower the sophistication of control 
required to achieve the same or similar level of precision in maneuvers. The risk of actuator 
fighting will also decrease and thus an increase in controllability is achieved. 

The correlation of these metrics highlights critical tradeoffs that needs to be considered in 
locomotion design, namely the tradeoffs between mechanical complexity, the ability to move 
and navigate in the plane, required control and tractive performance. 

2.3 Steering systems 
2.3.1 Differential drive 
The differential drive system is characterized by simplicity in design and control. It consists of 
two driven wheels with independent actuators, accompanied by one or two passive caster wheels. 
The principle for actuation is the same as for the mechanical differential, where the motion 
vector for the unit that is being driven is the sum of the two independent wheel motions. Thus, 
no explicit mechanism of steering is utilized. Differential drive provides the highest 
maneuverability in the plane, with the exception of lateral motion. 

With only two actuated wheels, the powertrain’s mechanical complexity is kept to a minimum, 
and the controllability is thus high. The control is limited to only frequently adjusting the angular 
velocities of the driven wheels, as they will differ due to manufacturing differences in the motors 
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and due to friction differences in the powertrain, as well as in the ground interaction of each 
wheel. The caster wheels limits skidding and thus power consumption. 

The tradeoff for the simplicity of the steering system is the lack of tractive abilities. As only two 
wheels provide traction, performance on soft soil is limited. (R. Siegwart, I.R Nourbakhsh, 2001) 

2.3.2 Skid drive 
This certain type of locomotion can be applied to both wheels and tracks. There is no explicit 
steering, rather the steering is accomplished by actuating each side consisting of running gears at 
a different rate or in different directions, much like in differential drive, yielding the same level 
of maneuverability. The difference is that what is causing the mobile robot to move is the slip, or 
skid, that is occurring on the interacting ground. 

Skid steering provides high traction, with running gear configurations ranging from four to six 
active wheels. Thus, it copes especially good on off-road terrain and can provide high 
trafficability and terrainability. The mechanical complexity of the steering system is generally 
low with few parts and as no complementary mechanism is required for steering. (Benjamin 
Shamah, 1999) (R. Siegwart, I.R Nourbakhsh, 2001) 

The skidding itself increases wear on the running gears and deformation of the interacting 
terrain. The skidding that occurs during a turn also affects the reliability of the mobile robot’s 
behavior, as the mobile robot’s exact center of rotation is hard to predict. This occurs due to 
variations in friction depending on the interacting terrain, differences in actuators and powertrain 
friction, much like the differential drive system. The power efficiency of skid steering is 
reasonably efficient on loose terrain, but inefficient in other cases due to the high slippage. For 
zero radius turns, the power consumption more than doubles compared to independent drive 
(denoted as explicit steering in figure 4), but the power consumption converges as the turning 
radius increases. (Benjamin Shamah, 1999) 

 

Figure 4. Power consumption skid vs explicit steering (Benjamin Shamah, 1999) 
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2.3.3 Coordinated drive 
Coordinated steering consists of mechanical couplings that are used to synchronize the turning of 
two or more wheels to orient the mobile robot. One of the more known mechanisms of 
coordinated steering is Ackermann steering. 

Conventional Ackermann steering consists of an arrangement of linkages that are designed to 
accommodate for the different radii of the circles that are traced out for the inner and outer 
wheels during a turn. In other words, during a turn the inner tire turns at a greater angle than the 
outer tire to avoid slippage, by keeping the same instantaneous center of rotation. But to achieve 
pure rolling, a differential is required at the rear wheels. Ackermann does not provide a zero-
radius turn, which is a compromise in terms of maneuverability. This is clearly seen when 
performing a parking maneuver, as reorienting of the mobile robots heading requires repeated 
changes in forward and backward direction. This problem extends to the overall path planning; if 
the environment requires motion in the direction where there is no direct actuation, path planning 
will suffer in terms of efficiency. 

Ackermann provides the ability to lock the steerable wheels to ensure straight motion, thus 
enabling proficient dead reckoning. To ensure pure rolling of the rear wheels, either a 
mechanical or software-based differential has to be implemented which increases mechanical 
complexity and lowers controllability. 

Further designs and implementations have been made to the traditional Ackermann allowing for 
greater maneuverability. This includes crab steer which involves steering all wheels in the same 
direction and coordinated steer which involves steering the rear wheels in the opposite direction 
of the front wheels. The increase in maneuverability follows an increase in complexity and the 
controllability lowers in turn. (Apostolopoulos 2001) (R. Siegwart, I.R Nourbakhsh, 2001) 
(Bruno Siciliano, 2008) 

2.3.4 Articulated drive 
The steering consists of two chassis units that are connected via a hinge, in which the heading of 
the robot changes when the hinged chassis fold about the pivot point. The hinge joint can be 
actuated or passive. In the passive configuration the steering is achieved by orienting and driving 
the wheels on one chassis unit, while locking the wheels on the other. In the actuated case, either 
a hydraulic system or a motor is needed to change the angle of the chassis to orient the mobile 
robot. 

The maneuverability of this type of steering increases with an increase of articulated joints. This 
in turn increases the complexity of the steering system. Articulated steering is often combined 
with additional articulation about the roll or pitch axes, to handle the dynamic effects that are 
caused by the steering and to increase mobility. 

Articulated steering requires complex design and control for actuation. This type of steering is 
commonly seen in slow-moving heavy-duty robots. (Apostolopoulos 2001) 

2.3.5 Independent / Omnidirectional drive 
In independent drive, each wheel assembly is explicitly steered. The implementation of this type 
of steering is vast, including configurations of four to six wheels that can be pneumatic tires, 
castor wheels or even the aluminum-titanium combination seen in the Curiosity rover. Each 
wheel assembly consists of two actuators, one for propulsion and one for steering. This allows 
for more intricate steering and mobility of the mobile robot. If one wheel is immobilized, the 
remaining wheels can still be actuated for propulsion. Independent drive is thus very suitable for 
unprepared terrain. Rocker bogies are often implemented together with independent drive for a 
further increase in terrainability. 
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With the explicit steering for each wheel assembly follows a great increase in the number of 
actuators, namely eight in total. Coordinating of the actuators will require significant processing 
power to achieve precision in the robot’s maneuvers. The maneuverability can reach that of 
omnidirectional, depending on the maximum angle of actuation. (Apostolopoulos 2001) (R. 
Siegwart, I.R Nourbakhsh, 2001) 

2.4 Terramechanics 
Terramechanics is defined as “the study of overall performance of a machine in relation to its 
operating environment - the terrain.” (J.Y. Wong, 2009) It consists of two main branches, one 
being the terrain-vehicle mechanics, which concerns the tractive vehicle performance in 
unprepared terrain. The theory of terramechanics provides a methodology for development, 
design and evaluation of machinery operating in off-road environments. 

Semi-empirical methods, simulation modelling and analytical methods can be used to evaluate 
tractive performance. This chapter will cover the equations needed to utilize the semi-empirical 
analytical method developed by Bekker (J.Y. Wong, 2001) of wheel performance on soft soil. 

2.4.1 Pressure-sinkage relation 
A mobile robot with rolling locomotion will be subjected to sinkage on soft soil. The sinkage is 
dependent on soil parameters, wheel dimensions, wheel stiffness and wheel normal force. It is 
fundamental as the sinkage plays an important part in soil resistance, rolling resistance and 
tractive force. 

The parametric equation for pressure-sinkage modeling is based on the assumption that the 
contact area created by the tire and soil interaction is approximated as a rectangular or circular 
flat plate, often referred to as a horizontal sinkage plate. It further assumes that the contact 
pressure due to the terrain-wheel interaction is purely radial, and that this radial pressure is 
equivalent to the normal pressure created beneath a horizontal sinkage plate at a certain depth z. 
Bekker’s pressure-sinkage equation is presented in equation 1, where the contact pressure p is 
the sum of the inflation pressure pi and carcass stiffness pc. 

𝑝𝑝 = �𝑘𝑘𝑐𝑐
𝑏𝑏

+ 𝑘𝑘𝜑𝜑� 𝑧𝑧𝑛𝑛                                                          (1) 

The pressure-sinkage relationship for a rigid wheel is presented in equation 2 and is derived from 
the static force equilibrium of a towed rigid wheel (see figure 5) for small sinkages, which is 
substituted into equation 1. 

𝑧𝑧𝑟𝑟 =  � 3𝑊𝑊
(3−𝑛𝑛)(𝑘𝑘𝑐𝑐+𝑏𝑏𝑘𝑘𝜑𝜑)√𝐷𝐷

�
2

(2𝑛𝑛+1)
                                                                 (2) 

The parameter denoted as b is the smaller part of the wheel-soil contact area. For narrow tires, 
the smaller part of the contact area can be assumed as the width of the tire. 

2.4.2 Mode of operation 
To determine if the tire will behave as rigid or flexible, the mode of operation must be 
determined. The behavior of a wheel on soft soil is dictated by the stiffness of the wheel 
material, wheel dimensions and loading. In the case of a pneumatic tire, if the sum of the 
inflation pressure and carcass stiffness is higher than the critical ground pressure of the soft soil 
at the lowest point of the tire circumference, the tire will be in rigid mode of operation. The tire 
will act as a non-deformable rim traversing over the soft soil. 



11 
 

 

Figure 5. Static equilibrium of a rigid wheel traversing over soft soil (J.Y. Wong, 2009) 

If the inflation pressure and carcass stiffness is lower compared to the critical ground pressure, 
the tire will be in flexible mode of operation. The tire will deform due to the wheel loading and a 
portion of the tire’s circumference will be flattened. Substituting equation 2 into equation 1 
yields the expression for the critical ground pressure. 

𝑝𝑝𝑔𝑔𝑔𝑔𝑟𝑟 = �𝑘𝑘𝑐𝑐
𝑏𝑏

+ 𝑘𝑘𝑝𝑝ℎ𝑖𝑖�
1

(2𝑛𝑛+1) � 3𝑊𝑊
(3−𝑛𝑛)𝑏𝑏√𝐷𝐷

�
2𝑛𝑛

(2𝑛𝑛+1)                                        (3) 

Where kφ and n are soil parameters, W the normal wheel loading and b and D are wheel 
dimensions. The critical ground pressure is then compared to the sum of the inflation pressure 
and carcass stiffness. Inflation pressures can easily be obtained from tire manufacturers. On the 
contrary, carcass stiffness is difficult to determine, as it varies with wheel normal loading and the 
inflation pressure itself. The mode of operation affects the overall terrain interaction which 
includes resistances, sinkage and thrust. 

2.4.3 Resistances 

2.4.3.1 Compaction resistance 
Motion resistance due to compaction Rc is the vertical work per unit length of a wheel pressed 
into the ground to a depth z. Compaction resistance is derived by integrating the pressure-
sinkage equation (equation 1), yielding equation 4, and substituting the sinkage expression 
(equation 2) for a rigid wheel. This yields the expression in equation 5. 

𝑅𝑅𝑔𝑔 = 𝑏𝑏 ∫ �𝑘𝑘𝑐𝑐
𝑏𝑏

+ 𝑘𝑘𝜑𝜑�
𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚
0 𝑑𝑑𝑧𝑧                                                    (4) 

𝑅𝑅𝑔𝑔 =
�3𝑊𝑊
√𝑑𝑑
�
2𝑛𝑛+2
2𝑛𝑛+1

(3−𝑛𝑛)
2𝑛𝑛+2
2𝑛𝑛+1(𝑛𝑛+1)(𝑘𝑘𝑐𝑐+𝑏𝑏𝑘𝑘𝜑𝜑)

1
(2𝑛𝑛+1)

                                             (5) 

2.4.3.2 Bulldozing resistance 
Bulldozing resistance occurs when a substantial compacted soil mass is displaced in front of and 
before the wheel. For wide wheels or when the sinkage is higher than 6% of the wheel diameter, 
the bulldozing resistance will start to have a significant impact on the forward motion of the 
vehicle. Narrow wheels tend to direct soil flow to the sides of the tires, thus eliminating the 
bulldozing effect. (Alex Ellery, 2016) 
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2.4.3.3 Rolling resistance 
Rolling resistance is the combined resistive force of motion due to tire deflection, wheel slip and 
soil deformation. It is often described in mechanics as a coefficient multiplied by the wheel 
normal force.  

For a rigid wheel, the coefficient can be described as a function of sinkage and wheel diameter, 
assuming the wheel is traversing over a perfectly elastic medium at low speed (see equation 6). 

𝐶𝐶𝑟𝑟𝑟𝑟 = �𝑧𝑧𝑟𝑟
𝑑𝑑

                                                                 (6) 

𝑅𝑅𝑟𝑟 = 𝐶𝐶𝑟𝑟𝑟𝑟𝑁𝑁                                                                (7) 

2.4.4 Soil thrust 
In figure 6 a stress-strain curve for an elastoplastic medium is presented. An infinitely small 
increase in stress beyond the point denoted A will produce a critical increase in strain and in turn 
cause plastic flow. The transition of plastic equilibrium before the point A to the plastic flow 
represents the failure of the terrain medium. (Terramechanics and Off-Road Engineering, 2009) 

 

Figure 6. Stress-strain curve of an elastoplastic medium (J.Y. Wong, 2009) 

The Mohr-Coulomb failure criterion is the most widely used to calculate the shear stress that 
occurs at the point of soil failure. (J.Y. Wong, 2009) 

𝜏𝜏 = 𝑐𝑐 + 𝑝𝑝 tan𝜑𝜑                                                        (8) 
By integrating the shear stress over the contact area of the wheel-terrain interaction, the 
maximum allowed thrust force before excessive slip can be formulated. 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐𝑐𝑐 + 𝑊𝑊 tan𝜑𝜑                                                  (9) 
Assuming a cylindrical narrow tire shape, the projected area of the wheel on the ground, i.e. the 
contact patch, can be calculated as such. 

𝑐𝑐 = 𝑏𝑏′𝑙𝑙′                                                                (10) 

𝑏𝑏′ = 𝑏𝑏                                                                 (11) 

𝑙𝑙′ =  �(𝐷𝐷 − 𝑧𝑧)𝑧𝑧                                                          (12) 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐(𝑏𝑏�(𝐷𝐷 − 𝑧𝑧)𝑧𝑧 + 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊(𝜑𝜑)                                         (13) 
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2.4.5 Drawbar pull 
Drawbar pull is the difference between the maximum tractive force and the sum of all 
resistances. It is the metric for the mobile robot that represents the level of trafficability of the 
mobile robot. A negative DBP will indicate immobilization, and a surplus in DBP will dictate 
how much of a towing force that the mobile robot will be able to provide. 

𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡                                                       (14) 

2.4.6 Soil properties and operating environment 
Soil structure and properties depend on several different aspects and can vary greatly depending 
on geographical location and weather conditions. Soil is generally categorized into sand, silt and 
clay. Loam is a soil type that is mostly composed of sand and silt, with a small portion of clay. 
This soil type is common in agriculture and landscaping because of its ability to retain nutrients 
and water, whilst still allowing water to drain and thus not saturating the soil. 
 
In Swedish nature, sandy soil is most common, which is characterized as well-graded loamy 
sand. Due to the climate, the soil generally has a high moisture content (Abdurasul Pirnazarov, 
2015). To acquire the soil’s full properties, several tests must be conducted including 
measurements with a bevameter. In Wong’s Theory of Ground Vehicles (2001), common soil 
types are listed with the required coefficients to perform Bekker’s semi empirical analytical 
modelling. Table 1 presents the terrain values for sandy loam which were used in the 
terramechanical calculations. 

Table 1. Soil properties for sandy loam 

Moisture 
content 

n Kc [kPa] Kphi 
[kN/mn+2] 

C [kPa] phi 
[degrees] 

23 % 0.4 11.42 808.96 9.65 35 
 
The operating environment, being a driving range, composes mainly of grass-rooted soil. Root 
structure provides an increase of load carrying capacity by approximately 50 % (Abdurasul 
Pirnazarov, Ulf Sellgren, 2015). The driving range consists mostly of flat surfaces with small and 
few terrain irregularities. 
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3 CONCEPT DESIGN 
In this chapter, the requirements, steering system evaluation, concept generation and realization 
are presented. 

3.1 Requirement specification 
Table 2. Requirement specification 

Requirement Target value Description 

Operation velocity 1 [m/s] Calculations should be performed for this 
target translational velocity. 

Target mobile robot weight 40 [kg] Calculations should be performed for this 
target weight. 

Maximum wheelbase distance 540 [mm] - 

Maximum track distance 650 [mm] - 

Minimum ground clearance 50 [mm] Wheel diameter is constrained to 
minimum ground clearance. 

Maximum width of robot 780 [mm] Wheel width is constrained to the 
difference of track distance and 
maximum width of robot. 

Minimum DBP / weight ratio 0.5 Ensure that the powertrain enables the 
best possible preconditions for a high 
capacity collecting unit. 

Minimize mechanical complexity - Utilize few moving parts, use standard 
parts where possible. 

Maximum power 800 [W] Maximum allowed total power for the 
powertrain. 

Minimize maintenance  - Ensure that the powertrain structure 
allows ease of maintenance. 

Manufacturing - The powertrain structure should allow 
manufacturing tolerances to be as low as 
possible. 

Minimize control complexity - Ensure few parts that need active steering 
and sensor feedback. 

Time scale - Final concept should be ready by June 
2018. 
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3.2 Steering system evaluation 
3.2.1 Pugh matrix evaluation 
A Pugh evaluation matrix was used to, in a structured and concrete manner, decide what type or 
types of steering systems are suitable based on the locomotion information study in chapter 2.1 
and the requirement specification presented in chapter 3.1. Each steering system was inserted in 
the Pugh matrix presented in figure 7. The baseline was set to the differential drive due to its 
simplicity in design and control, and due to it being the current prototype of Poki Robotics. 
 

 

 

Figure 7. Evaluation matrix for steering systems 

Figure 7 presents the resulting decision matrix, yielding the independent drive to be a tie with the 
baseline and the skid steering deemed just subpar. What the evaluation matrix fails to present is 
the drastic difference in the complexity of the independent, skid and differential drive in terms of 
design and control. The skid steer is rather the steering system that comes close to the baseline’s 
level of design and controllability, with no separate mechanism of actuation.  

3.2.2 Tractive study 
As trafficability performance is of most importance for allowing the implementation of a high 
capacity collecting unit, a tractive study was performed. The study quantifies performance to 
evaluate how differential drive compare to skid steering. As presented in chapter 3.2.1, design 
complexity limit leans towards the differential drive configuration, no further amount of driven 
wheels then four will be evaluated for the skid drive. 
 
Two differential drive running gear configurations was compared to the running gear 
configuration of a skid drive. The first differential drive configuration is identical to that of Poki 
Robotics’ current prototype, with two active wheels and one passive caster wheel with 
dimensions in table 3. The second running gear configuration has an added passive caster wheel.  
The skid steer was provided with four active wheels, with dimensions identical to that of the tires 
of a commercially available mid-range mobile robot.  
 
 
 
 
 
 
 
 

Baseline Alternative steering systems
Criteria Differential Skid Coordinated Articulated Indep. / Omni.
Design complexity - - - -
Power consumption - - - -
Controllability - - - -
Terrainability + + + +
Trafficability + 0 0 +
Maneuverability 0 - - +
Sum + 2 1 1 3
Sum - 3 4 4 3
Sum 0 1 0 1 0
Total -1 -3 -3 0
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Table 3. Running gear configurations 

Running gear 
configuration (# 
active / # passive) 

Active wheel 
diameter / width 
[“] 

Passive wheel 
diameter / width [“] 

Weight [kg] 

Differential drive 1 (2 / 
1) 

13 / 5 6 / 3.5 40 

Differential drive 2 (2 / 
2) 

13 / 5 6 / 3.5 40 

Skid drive (4 / 0) 10 / 3.5 - 40 

 
Firstly, the weight distribution on the wheels were evaluated for the differential drive 
configurations in order to evaluate maximum DBP to weight ratio. Figure 8 shows that for the 
second configuration, a maximum DBP to weight ratio of 0.535 is achieved by the second 
configuration. 
 

 

Figure 8. DBP / weight as a function of weigh distribution for second differential drive configuration 
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Table 4. Tractive study of differential drive and skid drive 

 Differential drive 
(2/2) 

Skid drive Change (%)  

Maximum sinkage 
[mm] 

1.30 1.40 + 7.69 

Compaction 
resistance [N] 

21.5 23.9 + 11.2 

Rolling resistance [N] 26.1 29.1 + 11.5 

Total motion 
resistance [N] 

46.7 53.0 + 13.5 

Maximum tractive 
force [N] 

258 340 + 31.8 

Maximum tractive 
force per driven 
wheel [N] 

129 85.0 - 34.1 

DBP [N] 211 287 + 36.0 

DBP/Weight ratio 0.538 0.731 + 35.9 

Maximum torque per 
driven wheel [Nm] 

21.3 10.8 - 49.3 

Total mechanical 
power [W] 

258 340 + 31.8 

Table 4 shows the difference between the second differential drive configuration and the skid 
drive configuration. What is noted is that the maximum wheel torque needed to achieve the 
tractive performance of the differential drive’s second configuration is at 21.3 Nm, putting very 
high demands on the transmission. The skid drive can achieve a 35.5 % higher DBP 
performance, whilst lowering the maximum torque to be provided by the transmission for one 
wheel with 49.3 %. 

As the analytical method does not take slip into account, the DBP performance will lower in 
practice when considering the elastic properties of the tires, which sets the performance 
maximum of the differential drive subpar to the DBP to weight requirement. 

3.2.3 Conclusion for steering systems 
Differential drive fulfills all criteria apart from tractive performance. The skid drive is not 
optimal in terms of power efficiency or controllability, but it excels in terms of providing the 
highest DBP performance. Hard actuation will deform the soil during hard turns, but as the robot 
will not operate in a cluttered environment and because a collecting unit will hinder hard 
actuation, no hard turns will be present on the driving range. To minimize soil disturbance, yet 
still providing a significant DBP performance, the independent drive would have to be 
considered. The control needed for the minimum of eight actuators that need sensors and 
software control is not in accordance with the requirement specification. The hub motor and 
pivot actuation required for turning the wheel also calls for complex mechanical design. 
 
In conclusion, the skid drive will provide a significant DBP performance to provide the best 
preconditions for a high capacity collecting unit and is the suitable system with all metrics and 
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trade-offs in mind, with respect to the requirements. Thus, a skid drive powertrain was 
conceptualized. 

3.3 Concept phase 
3.3.1 Tire dimension analysis 
A tire dimension analysis was performed to evaluate what the dimensional constraints allowed in 
terms of minimum sinkage, resistances and maximum tractive performance. Assuming the 
powertrain will reach maximum track distance, a maximum tire width of 130 mm (5.118”) is 
allowed to remain within the maximum allowed width of the mobile robot. A minimum of 254 
mm (10”) in wheel diameter was evaluated to ensure that the robot will have sufficient ground 
clearance and low sinkage. 

The most notable increase in DBP performance is between the lower and upper limit tire, 
yielding a 15.6 % increase. By increasing the diameter from 10” to 13” with a set width of 3.5”, 
an increase of only 4.8 % in DBP performance was achieved. A width increase from 3.5” to 5” 
with set diameter of 13”, yielded a 6.9 % increase in DBP performance. Most notably is the 
decrease in sinkage from 0.85 mm to 1.21 mm for the two upper limit tires. A 29.5 % decrease is 
significant enough to motivate the use of the 13x5” tire. The lowered sinkage will lead to less 
rutting damage and thus is the more sustainable alternative in terms of soil deformation. 

Table 5. Tire dimension analysis results 

Metrics / Tire dimensions 10x3” 10x3.5” 13x3.5” 13x5” 

Sinkage [mm] 1.62 1.40 1.21 0.851 

Compaction resistance [N] 6.45 6.00 4.89 4.10 

Rolling resistance [N] 7.83 7.27 5.93 4.98 

Total motion resistance [N] 14.3 13.3 10.8 9.08 

Maximum tractive force [N] 83.5 85.0 85.8 89.2 

DBP [N] 69.3 71.7 74.9 80.1 

Maximum torque [Nm] 10.6 10.8 14.2 14.7 

Mechanical power [W] 83.5 85.0 85.9 89.2 
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3.3.2 Powertrain concept generation 
Four low level detail concepts were generated based on brainstorming and ideas that emerged 
whilst studying torque transmission for DC-motors in mobile robotics during the frame of 
reference.  

3.3.2.1 Direct drive concept 
The gearmotor’s output shaft is directly attached to the wheel hub via a fitted hollow shaft. Each 
wheel is actuated with one gearmotor. 

 

 
Figure 8. Direct drive concept 

3.3.2.2 Single bearing concept 
The first concept is given a single row deep groove ball bearing to increase load bearing 
capacity. 

 
Figure 9. Single bearing concept 
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3.3.2.3 Spur gear concept 
A second gear stage is provided with a spur gear pair, enabling a parallel shaft configuration. 

 
Figure 10. Parallel shaft spur gear concept 

3.3.2.4 Timing belt concept 
This concept is an iteration of the parallel shaft spur gear concept, replacing the spur gear pair 
with a toothed timing belt. 

 
Figure 11. Parallel shaft timing belt concept 
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3.3.3 Powertrain concept evaluation 
Direct drive concept 
The concept yields the most simplistic design that require low maintenance and easy assembly. 
As gear reduction is made solely by the planetary gear, it yields the highest efficiency out of the 
concepts. The hollow shaft will have to be press-fitted on to the output shaft of the gearmotor 
and axially secured by either shaft collars or snap rings resting towards the wall of the chassis. 

As the entire mass of the mobile robot rests on the gearmotor and its bearings, the gearmotor is 
vulnerable to both axial and radial shock forces. Potential shock forces will compromise the 
operational life of the gearmotor and a large static radial force leading to failure will yield in a 
gearhead replacement. 

Single bearing concept 
The support bearing yields a higher load bearing capacity. The level of efficiency, simplicity in 
design and low maintenance of the direct drive concept is still maintained, with a slight increase 
in amount of parts. The gearmotor is still vulnerable to dynamic loads as dynamic loads are not 
diverted from the bearing arrangement of the gearmotor. 

As with the direct drive concept, the load carrying capacity is still dictated by the gearmotor. If 
the gearmotor is downsized, by reducing gear stages and lowered shaft diameter, the load 
carrying capacity and operational life of the powertrain will be compromised. 

Spur gear concept 
The concept increases load carrying capacity, ensuring that the mobile robot’s weight is 
distributed amongst the bearing pair connected to the parallel output shaft and the gearmotor 
mount. The parallel output shaft diverts axial loads from the gearmotor. The overhung shaft and 
pulley configuration allows for easy assembly of the spur gear on the wheel shaft, which can be 
axially located with set screws. 

The concept will introduce higher backlash, noise and an increase in weight of the powertrain. 
The spur gears set high demands on tolerances in manufacturing of the chassis and wheel shafts, 
due to strict requirements on parallelism and centre distance.  

Due to dynamic forces occurring when the mobile robot starts and when it’s changing heading 
and direction, the stiff contact and backlash between the spur gears will lead to shock loads being 
transferred on the gearmotor output in the radial direction. This cause for the need of a flexible 
coupling to account for the shock loads. 

The spur gear pair will require a lubricant and the spur gear dimensions should be kept low to 
allow for grease lubrication to avoid the more complex lubrication system required for oil 
lubrication. (Power Trainsmission Engineering, 2017) (KHK gears, 2015) 

Timing belt concept 
Similar to the spur gear concept, axial loads are diverted from the gearmotor to the bearing pair 
and motor mount. An overhung pulley and shaft configuration is utilized to allow for easy 
assembly and pretension of the timing belt. The timing belt with its elastic properties will 
introduce vibration dampening and the elastic element needed to account for shock loads 
occurring in starts, stops and when changing the heading of the robot. The timing belt will 
provide high accuracy with very low backlash. It also does not require strict tolerances in terms 
of manufacturing to enable the motion transfer. 

Loss of tension will occur in the belt over time which can give slight efficiency loss if not 
properly maintained. This occurs due to the introduction of higher friction forces during meshing 
of the belt and pulley, which will wear the teeth on the belt.  
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Figure 13. Pugh decision matrix of powertrain concepts 

 
The Pugh decision matrix in figure 13 presents the previous reasoning in this chapter in a concise 
and structured manner. The direct drive concept was chosen as baseline. 

3.3.4 Conclusion 
The Pugh matrix evaluation deemed the single bearing concept the most suitable concept 
compared to the baseline. As mentioned in chapter 3.3.3, the gearmotor still must handle vertical 
static load and dynamic loads. What dictates the load carrying capacity in this concept is the size 
of the gearmotor and the amount of planetary gear stages. An increase in stages and in motor size 
will yield higher load carrying capacity, and lower rating will reduce the load bearing capacity. 
Thus, the design is sensitive to alterations of the gearhead and the concept fails to achieve 
robustness. The timing belt concept is not insensitive to alterations in the gearmotor, but in terms 
of load carrying capacity the forces will be diverted on to the bearing configuration and the 
chassis. The timing belt concept can be tweaked with respect to load carrying capacity and 
power, thus achieving a more robust design. The parallel shaft configuration also limits strain on 
the gearmotor if a large radial dynamic force occurs in for example a crash or any other situation 
that yields a large radial load. Thus, failure impact is limited. 
 
In conclusion, the timing belt concept was deemed as the suitable powertrain design and was 
therefore conceptually realized. 

3.3.5 Concept realization 

3.3.5.1 Gearmotor 
With the results from the tire dimensions analysis, the required torque and rpm was obtained and 
was used as input for choosing the gearmotor. For the selected 13” inch tire, the input data is 
presented in table 4. 
 
When dimensioning for continuous operation, the motor must be over-dimensioned to ensure not 
overheating and not putting too much stress on the gearheads bearings. The input torque had to 
be lowered iteratively to find a motor and gearhead that could provide a high torque at a 
continuous operation at the maximum allowed rated power. Maxon EC-i 52, a brushless DC 
motor with rated power of 180 W, combined with the GP 52 C planetary gearhead with a 53:1 
reduction ratio was chosen. The gearmotor provides a continuous torque of 13 Nm at the targeted 
60 rpm. Appendix A shows further details and product information. 
 

Baseline Concepts
Criteria Direct drive Single bearing Spur gear Timing belt
Load carrying capacity + + +
Strain on gearmotor + + +
Maintenance 0 - -
Assembly - - -
Size 0 - -
Failure impact 0 + +
Robustness 0 + +
Noise 0 - 0
Sum + 2 4 3
Sum - 1 4 3
Sum 0 5 0 1
Total 1 0 0
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Figure 14. Maxon EC-I 52 with GP 52 C 53:1 planetary gearhead 

3.3.5.2. Timing belt and sprockets 
GT2 timing belts were chosen to enable the parallel wheel shaft. To be within the maximum 
width of the robot, two different sprocket combinations with different CD’s were utilized to 
enable a configuration where the gearmotors would run parallel as seen in figure 15. 
The timing belt dimensions are given in appendix B. The timing belts and sprockets are 
dimensioned according to Gates’ timing belt design manual for GT2 belts (Electrocomponents, 
2000). The pulleys are secured and axially locked by two M4 set screws that are displaced 60 
degrees from each other. 
 

 
Figure 15. Timing belt and sprocket configuration 
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3.3.5.3 Wheel shaft 
The wheeled shaft diameter was designed by drawing the free body diagram for the shaft-bearing 
arrangement and by calculating the diameter from the von Mises stress. The shear-moment 
diagrams for the shaft in the x-z and x-y planes are presented in figure 16 and 17. The free body 
diagrams and equilibrium equations are presented in appendix C and the MATLAB script for 
calculations is presented in appendix D. The x-z plane covers reaction forces from the wheel 
normal force and the x-y plane covers the radial force due to the smallest timing belt sprocket. 
Load cases are presented in table 7. 
 

 
Figure 16. Shear moment diagram in xz-plane 

 
Figure 17. Shear moment diagram in xy-plane 
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The form factors used were for torsion on a keyed cylindrical shaft and bending moment for a 
cylindrical shaft with a step and fillet. The key used is a SMS-2307 20x6x6 with fillets of 0.205 
mm. The step-fillet is of 0.06 mm radius, equivalent to the radius of the bearing inner race. Stress 
factors are presented in table 5. The load case used is presented in table 6 together with material 
properties of the chosen material of aluminium grade 6061-T6. 

Table 6. Stress factors 

Stress factor type Stress factor 
Keyed shaft (torsion) 3.7 
Stepped shaft with fillet (bending moment) 2.2 

Table 7. Load case and material properties 

Radial force from smallest 
sprocket 

Fa 363 [N] 

Wheel normal force under 
100 [kg] payload 

N 343 [N] 

E-modulus E 68.9 [GPa] 

Maximum allowed stress σallowed 144 [MPa] 

 

A safety factor was obtained using Pugsley’s safety factor approach, and yielded a safety factor 
of 1.7. The calculations resulted in a minimum diameter of 22 mm. 

 
Figure 18. Stepped aluminium shaft 

As seen in figure 18, a stepped shaft was utilized to ease assembly in terms of locating bearings, 
timing belt sprockets and wheel hub. The smallest diameter is threaded for a M8 lock nut to 
secure the wheel hub and wheel. 
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3.3.5.4 Bearing supports 
SKF Y-bearings were chosen as bearing supports. Y-bearings, or insert bearings were chosen 
due to the easy installation of the bearings, as they can accommodate initial misalignment and 
the utilization of grub screws to locate the bearing on the shaft. The bearings come pre-greased 
and sealed, with a pillow block housing that can be mounted on to the bottom plate of the 
chassis. 
 
SKF basic life calculations yielded >1000000 hours Basic rating life for the YAR 205-2F, 
calculations are presented in appendix D which were cross-checked with SKF’s bearing 
calculator. Dimensions are presented in appendix E. 
 

 
Figure 19. SKF Y-bearing with pillow block housing 

 

3.3.5.5 Wheel hub 
An aluminium wheel hub was designed for a 13” pneumatic radial ply tire. The hub is provided 
with 3 M8 holes at a PCD of 100 mm, which is standard for 13” tires. 

 
Figure 20. Aluminum wheel hub 
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4 RESULTS 

In this chapter, the resulting concept is presented in a CAD assembly together with performance 
metrics. 

 
Figure 21. Final concept assembly 

Table 8. Resulting performance of powertrain 

Sinkage [mm] 0.851 

Compaction resistance [N] 4.11 

Rolling resistance [N] 4.98 

Total resistance [N] 9.09 

Maximum tractive force [N] 78.7 

DBP [N] 69.6 

DBP / weight [-] 0.709 

Maximum torque [Nm] 13.0 

Mechanical power [W] 89.2 

Electrical power [W] 180 

Wheelbase [mm] 630 

Track distance [mm] 540 

Total weight of one powertrain unit [kg] 6.10 

Tire type Radial ply pneumatic tire 

Tire diameter [“] (mm) 13 (330) 

Tire width [“] (mm) 5 (127) 

Maximum radial payload [kg] 100 
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The resulting concepts consists of an EC gearmotor with a parallel shaft enabled by a timing belt, 
two insert bearings, the stepped shaft, wheel hub and tire. The resulting performance of the 
powertrain in terms of terramechanical metrics and dimensional constraints are presented in table 
7. 

 
Figure 22. Assembled view of each sub-powertrain 

Figure 22 presents how the powertrain assembly structure would look when secured to a chassis. 
Figure 23 and 24 presents the track distance and wheel base respectively. 

 
Figure 23. Track distance 
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Figure 24. Wheelbase 

Figure 25 presents an exploded view of the wheel shaft, pulley, wheel hub and tire. The wheel 
shaft is first inserted in the bearing bore that will be placed closest to the chassis wall. The shaft 
is then inserted in a hole for the shaft on the chassis wall. The second bearing is then placed on 
the other end of the shaft. The bearing housings should then be bolted on the frame, whilst still 
allowing the shaft to be in an un-stressed position in the bearing bores. The shaft can then be 
locked by tightening the grub screws on the Y-bearings. The timing belt pulley can then be 
secured to the wheel shaft with the key and set screw. The wheel shaft can then be coupled to the 
motor with the timing belt. The motor is stock provided with a flange mount that can be secured 
to the chassis. The motor pulley is fitted on to the shaft and secured with set screws. 

The wheel is lastly secured to the hub, and placed on the shaft, inserting the key in the keyway, 
inserting the flange on the hub and tightening the M8 bolt. This yields the full assembly 
procedure for one set of the powertrain. 

 
Figure 25. Exploded view wheel shaft assembly 
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5 DISCUSSION AND CONCLUSIONS 
This chapter presents the discussion and finally conclusion about the strengths and weaknesses 
of the applied methods and the final design of the concept. 

5.1 Discussion 
Despite the limitations of the terramechanical analytical model, the calculations proved to be an 
efficient tool for the purpose of evaluating concepts at an early stage of development. It also 
provided dimensions for running gears and input data for transmission design. It should be clear 
that the model does not take slip into account, which is crucial to truly quantify tractive 
performance. Shear displacement is also neglected which influences the trafficability of the 
mobile robot. 

As the product is at a very early stage of development, little quantifiable data was available 
which had a significant effect on the detail of the set requirements and thus the detail of the 
generated concept. The powertrain concept is the first iteration towards a mobile robot that can 
provide the tractive force for a high capacity collecting unit. The concept provides a baseline for 
the implementation of subsystems that are not yet defined, including chassis, architecture of 
electronics, sensors, wiring and the collecting unit. The prototype made by Poki Robotics was a 
differential drive robot that was yet to be fully realized at the end of the thesis timeline. Thus, 
very little information could be attained and implemented from the prototype in the thesis work. 

The steering system evaluation was done in a very general sense, mainly due to lack of time and 
lack of available comparative studies. The different steering systems can be evaluated endlessly 
by just focusing on one of the defined metrics. On the other hand, the metrics, which were well 
defined in mobile robotics literature, provided a good insight into the capabilities and 
performance of the steering systems. At a level of early development, the metrics enabled to 
narrow down focus to the two steering systems that proved to be of interest, which could then be 
further evaluated using terramechanics. 

Insert bearings with pillow block housings are not optimal in terms of weight and size. They 
were chosen rather due to them being readily available components that allow for easy assembly. 
This includes easy insertion of shaft due to the insert bearings being able to accommodate initial 
misalignment, and due to that the pillow block housings can be easily secured to the chassis 
bottom plate. A bearing arrangement with lower weight and size can be obtained by utilizing the 
chassis frame for insertion and location. 

Skid steering is not optimal in terms of soil sustainability, and it must be noted that the steering 
actuation will deform the ground during hard actuation. This must be accounted for in the path 
planning of the robot. 
  



34 
 

5.2 Conclusions 
Steering system 
The purpose of the thesis was to generate a powertrain for a steering system that generates high 
DBP, with low design complexity and high controllability. By evaluating the steering systems 
within a set of defined metrics and using terramechanics, the skid drive proved to be a suitable 
steering system within the limits of the requirements. The skid drive provides a low complex 
design and high controllability by avoiding to introduce a separate mechanism of steering. 

Running gears 
Running gear design provided tires yielding low sinkage, low total motion resistance, high 
tractive force and in turn high DBP performance. The chosen tire has a diameter of 13” and 
width of 5”. 

Running gear configuration 
A total of four driven wheels were used for the chosen steering system and powertrain design. 
Less would yield insufficient DBP performance. Further, more driven wheels would introduce a 
more complex powertrain architecture that would exceed limitations set by the requirements. 

Powertrain 
The final powertrain concept yields a robust design that diverts axial shock loads from the 
gearmotor and limits impact from radial shock forces due to the utilization of a timing belt. A 
parallel wheel shaft configuration was utilized, avoiding the gearmotor’s shaft and bearing 
arrangement to be the load carrying components. A stepped shaft was utilized for easy location 
of bearings, pulleys and tire. 
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6 FUTURE WORK 
In this chapter, recommendations on future work are presented to further evaluate and validate 
the results of the thesis. 

In the event of further development of the powertrain concept there are several aspects that need 
further evaluation. 

The elastic properties of the pneumatic tire, including tire slip, should be evaluated to ensure 
tractive performance. Slip-modelling or prototype testing with weight optimization and tire 
pressure evaluation can be done to obtain a more realistic result of tractive performance. 

Rooted soil will have an impact on the wheel-terrain interaction, which should be analyzed 
further to obtain what it quantitatively means for tractive performance. 

Lateral resistance forces due to the skidding action during actuation should be evaluated. 

Dynamic forces due to start, stops and actuation should be analyzed. 

Tire tread design should be evaluated and optimized for skid steering. 
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APPENDIX A: GEARMOTOR SPECIFICATIONS 
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APPENDIX B: SPROCKET AND TIMING BELT 
SPECIFICATIONS 
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APPENDIX C: STATIC LOAD CASES, FBD AND 
MISSALIGNMENT 

 

Appendix A presents the free body diagram of the shaft, equilibrium equations, von Mises stress 
equation and elementary beam equations for misalignment. 

 

↑ : 𝑅𝑅𝑏𝑏𝑧𝑧 + 𝑅𝑅𝑔𝑔𝑧𝑧 − 𝑁𝑁 = 0 

𝑀𝑀𝑏𝑏: − 𝑅𝑅𝑐𝑐𝑧𝑧 ∙ 𝐿𝐿𝑏𝑏𝑐𝑐 − 𝑁𝑁 ∙ (𝐿𝐿 − 𝐿𝐿𝑊𝑊𝑏𝑏) = 0 

 
 

↑ : −𝐹𝐹𝑊𝑊 + 𝑅𝑅𝑏𝑏𝑅𝑅 + 𝑅𝑅𝑐𝑐𝑅𝑅 = 0 
 

𝑀𝑀𝑐𝑐 ∶  −𝐹𝐹𝑊𝑊 ∙ (𝐿𝐿𝑊𝑊𝑏𝑏 + 𝐿𝐿𝑏𝑏𝑐𝑐) + 𝑅𝑅𝑏𝑏𝑅𝑅 ∙ 𝐿𝐿𝑏𝑏𝑐𝑐 = 0 
 

𝜎𝜎𝑒𝑒𝑒𝑒 = �𝜎𝜎𝑚𝑚2 + 3𝜏𝜏𝑚𝑚𝑥𝑥2 => 𝑑𝑑 ≥ �
32𝑒𝑒𝑊𝑊𝑊𝑊
𝜋𝜋𝑠𝑠𝑥𝑥

�(𝐾𝐾𝑡𝑡𝑀𝑀)2 +
3
4

(𝐾𝐾𝑇𝑇𝑇𝑇)3�

1
3
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APPENDIX D: MATLAB SCRIPT FOR SHAFT AND 
BEARING CALCULATIONS 

 
%% Shaft design alternative configuration 
  
clear all 
close all 
clc 
  
%% Input parameters 
Ldfsetmop = (29-(17.6*0.5))*10^-3; 
L = 0.227-Ldfsetmop; 
LAB = Ldfsetmop+((50-0.5*24)*10^-3); % [m] 
LBC = (0.5*24 + 30 + 0.5*24)*10^-3; % [m] 
Nwheel = (40*9.81/4)+(100*9.81/4); % [N] 
Fa = 13/0.035814; % [N] 
T = 13; 
  
%% xz-plane 
% Rbz + Rcz - Nwheel = 0 
% -Rcz*LBC - Nwheel*(L-LAB) = 0 
  
Rcz = Nwheel*(L-LAB)/LBC; 
Rbz = Nwheel - Nwheel*(L-LAB)/LBC 
  
x=linspace(0,L,10000); 
V=0*(x>0)+Rbz*(x>LAB)+Rcz*(x>(LAB+LBC)) 
Mb = 0*(x>0)+Rbz*(x>LAB).*(x-LAB)+Rcz*(x>(LAB+LBC)).*(x-(LAB+LBC)) 
figure 
subplot(211); 
area(x,V); 
title('Shear moment diagram xz-plane') 
xlabel('Shaft length [m]') 
ylabel('Shear force [N]') 
subplot(212); 
area(x,Mb); 
xlabel('Shaft length [m]') 
ylabel('Bending moment [Nm]') 
  
%% yx-plane 
% -Fa + Rby + Rcy = 0 
% -Fa*(LAB + LBC) + Rby*LBC = 0 
  
Rcy = Fa-Fa*(LAB+LBC)/LBC 
Rby = Fa*(LAB+LBC)/LBC 
  
xp=linspace(0,L,10000); 
Vp=-Fa*(xp>0)+Rby*(xp>LAB)+Rcy*(xp>(LAB+LBC)) 
Mbp = -Fa*(x>0).*(x-0)+Rby*(x>LAB).*(x-LAB)+Rcy*(x>(LAB+LBC)).*(x-(LAB+LBC)) 
figure 
subplot(211); 
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area(xp,Vp); 
title('Shear moment diagram xy-plane') 
xlabel('Shaft length [m]') 
ylabel('Shear force [N]') 
subplot(212); 
area(xp,Mbp); 
xlabel('Shaft length [m]') 
ylabel('Bending moment [Nm]') 
  
%% Resultant forces 
Ra = sqrt(Rbz^2 + Rby^2); 
Rb = sqrt(Rcz^2 + Rcy^2); 
Mbmax = max(abs(sqrt(Mb.^2 + Mbp.^2))); 
  
%% Diameter of solid shaft (von Mises stress) 
eta = 1.7; % safety factor 
sigmaallow = 144.7899*10^6; % allowed stress for aluminum grade 6061-T6 
Ktb = 2.2; 
Ktv = 3.7; % SMS2306 / DIN6885 - 4 x 4 x 20 , kälradie 0.205 mm 
d=(((eta*32)/(pi*sigmaallow))*sqrt((Ktb*Mbmax)^2+(3/4)*(Ktv*Ktv*T^2)))^(1/3) 
  
%% Missalignment 
  
%% x-z 
I = (pi*d^4)/64; 
Wb = (pi*d^3)/32; 
Ma1 = 0; 
Mb1 = Nwheel*(L-LAB-LBC); 
l = LBC; 
E = 68.9*10^9; 
  
ThetaAz = Ma1*l/(3*E*I) + Mb1*l/(6*E*I) 
ThetaBz = Ma1*l/(6*E*I) + Mb1*l/(3*E*I) 
  
%% y-z 
I = (pi*d^4)/64; 
Wb = (pi*d^3)/32; 
Ma2 = Fa*LAB; 
Mb2 = 0 
l = LBC; 
E = 68.9*10^9; 
  
ThetaAy = Ma2*l/(3*E*I) + Mb2*l/(6*E*I) 
ThetaBy = Ma2*l/(6*E*I) + Mb2*l/(3*E*I) 
  
%% Resultant missalignment 
ThetaA = sqrt(ThetaAz^2 + ThetaAy^2) 
ThetaB = sqrt(ThetaBz^2 + ThetaBy^2) 
  
minofarc = ThetaB*10800/pi 
  
%% Bearing life YAR 205-2F Y-bearing with SYJ 505 housing 
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Fradial = sqrt(Nwheel^2 + Fa^2); 
Faxial = 50; 
e = Faxial/Fradial; 
X = 0.46; 
Y = 1.88; 
P = (X*Fradial + Y*Faxial)*10^-3; 
C = 14; 
n = 3; 
L10 = (C/P)^n 
L10h = (10^6)/(60*n)*L10 
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APPENDIX E: INSERT BEARING AND HOUSING 
DIMENSIONS 
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APPENDIX F: MATLAB SCRIPTS FOR ANALYTICAL 
TERRAMECHANICS MODEL 

 
%%  Pressure-sinkage evaluation 4WD 
%   Input: tire diameter (D) and tire width (b) 
  
clear all 
close all 
clc 
  
%   Soil parameters (sandy loam 22% moisture content ToGV p. 136) 
Wtot = 40*9.81; 
nw = 4; 
W = Wtot/nw; % weight distrb. for wheel config. 
n = 0.4; % sinkage exponent 
kc = 11.42*10^3; % pressure-sinkage coeff. 
kphi = 808.96*10^3; % pressure-sinkage coeff. 
c = 9.65*10^3; % cohesion of soil 
phi = 35*pi/180; % anglee of internal friction of soil 
theta = 0*pi/180; % slope  
b = 5*25.4*10^-3; 
D = 13*25.4*10^-3; 
  
%%   Sinkage 
  
z = (3*W.*cos(theta)./((3-n).*(kc + b.*kphi).*sqrt(D))).^(2/(2*n+1)) 
  
pg_critical = (kphi^(1/(2*n+1))) .* (3*W./((3-n)*b.*sqrt(D))).^(2*n/(2*n+1)); 
  
if pg_critical < 150*10^3 % ensuring rigid mode of operation 
%%   Compaction resistance 
  
algot = (3*W*cos(theta)./sqrt(D)).^((2*n + 2)/(2*n + 1)); 
balder = (3-n)^((2*n+2)/(2*n+1)); 
cleopatra = (n+1)*(kc + b.*kphi).^(1/(2*n+1)); 
  
Rc = algot./(balder*cleopatra) 
  
%%   Rolling resistance 
Rr = sqrt(z./D).*W.*cos(theta); 
  
%%   Gravitational resistance 
Rg = Wtot*sin(theta)/nw; 
  
%%   Total resistance 
Rtot = Rr + Rc + Rg; 
  
%%  Max. allowed tractive force 
Fmax = (c*b.*sqrt((D-z).*z) + W*cos(theta)*tan(phi)); 
  
%%   Drawbar pull performance 



51 
 

DBP = Fmax-Rtot; 
  
%%   Torque 
T = Fmax.*D/2; 
  
%%   Power 
V = 1; 
Omega = 2*V./D; 
P = T.*Omega; 
  
%% Totals for 4WD 
Rctot = Rc*4 
Rrtot = Rr*4 
Rtotot = Rctot + Rrtot 
Ftot = Fmax*4 
DBPP = Ftot-Rtotot 
  
if z<=D/6 
    display('z <= D/6') 
else 
    display('Beyond model boundary') 
end 
  
else 
    display('Elastic mode of operation') 
end 
 
%%  Pressure-sinkage evaluation 2WD 
%   Input: tire diameter (D) and tire width (b) 
  
clear all 
close all 
clc 
  
%   Soil parameters (sandy loam 22% moisture content ToGV p. 136) 
Wtot = 40*9.81; 
ndw = 2; % number of driven wheels 
npw = [1 2]'; % number of passive wheels 
ddw = 0.75; % weight distrb. quota active wheels 
dpw = 1-ddw; % weight distrb. quota passive wheels 
Wd = ddw*Wtot/ndw; % weight distrb. on active wheel 
Wp = dpw*Wtot./npw; % weight distrb. on passive wheel. 
n = 0.4; % sinkage exponent 
kc = 11.42*10^3; % pressure-sinkage coeff. 
kphi = 808.96*10^3; % pressure-sinkage coeff. 
c = 9.65*10^3; % cohesion of soil 
phi = 35*pi/180; % angle of internal friction of soil 
theta = 0*pi/180; % slope  
  
b = 5*25.4*10^-3; % tire width 
D = 13*25.4*10^-3; % tire diameter 
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%b2 = 0.0889; % 3.5 inches 
b2 = 3.5*25.4*10^-3; 
%D2 = 0.1524; % 6 inches 
D2 = 6*25.4*10^-3, 
  
pg_critical = (kphi^(1/(2*n+1))) .* (3*Wd./((3-n)*b*sqrt(D))).^(2*n/(2*n+1)); 
pg_critical_p = (kphi^(1/(2*n+1))) .* (3*Wp./((3-n)*b2*sqrt(D2))).^(2*n/(2*n+1)); 
  
  
if pg_critical < 150*10^3 % ensuring rigid mode of operation 
     
%%   Sinkage 
  
z_d = (3*Wd.*cos(theta)./((3-n)*(kc + b.*kphi)*sqrt(D))).^(2/(2*n+1)) 
z_p = (3*Wp.*cos(theta)./((3-n)*(kc + b2.*kphi)*sqrt(D2))).^(2/(2*n+1)) 
  
  
%%   Compaction resistance 
  
algot = (3*Wd*cos(theta)./sqrt(D)).^((2*n + 2)/(2*n + 1)); 
balder = (3-n)^((2*n+2)/(2*n+1)); 
cleopatra = (n+1)*(kc + b.*kphi).^(1/(2*n+1)); 
  
Rc1 = algot./(balder*cleopatra) 
  
algot2 = (3*Wp*cos(theta)./sqrt(D2)).^((2*n + 2)/(2*n + 1)); 
cleopatra2 = (n+1)*(kc + b2.*kphi).^(1/(2*n+1)); 
  
Rc2 = algot2./(balder*cleopatra2) 
  
Rc = Rc1 + Rc2 
  
%%   Rolling resistance 
Rr1 = sqrt(z_d./D).*Wd.*cos(theta); 
Rr2 = sqrt(z_p./D2).*Wp.*cos(theta); 
Rr = Rr1 + Rr2; 
  
%%   Gravitational resistance 
Rg = Wtot*sin(theta)/ndw; % total weight divided on driven wheels 
  
%%   Total resistance 
Rtot = Rr + Rc + Rg; 
  
%%   Max. allowed tractive force 
Fmax = (c*b.*sqrt((D-z_d).*z_d) + Wd.*cos(theta)*tan(phi)); 
  
%%   Drawbar pull performance 
Rctot21 = 2*Rc1 + Rc2(1,1) 
Rctot22 = 2*Rc1 + 2*Rc2(2,:) 
Rrtot21 = 2*Rr1 + Rr2(1,:) 
Rrtot22 = 2*Rr1 + 2*Rr2(2,:) 
Rtot21 = Rctot21 + Rrtot21; 
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Rtot22 = Rctot22 + Rrtot22; 
  
Ftot = Fmax*2 
DBP21 = Ftot - Rtot21 
DBP22 = Ftot - Rtot22 
  
  
figure() 
plot(ddw, DBP21/Wtot) 
grid on 
hold on 
plot(ddw, DBP22/Wtot) 
title('DBP/weight as function of weight distrb. & active / passive wheels') 
xlabel('Weight distribution active wheels [-]') 
ylabel('DBP / weight ratio [-]') 
legend([num2str(npw(1,1)),' passive wheel(s)'], [num2str(npw(2,1)),' passive wheel(s)'], 
'Location','southeast') 
  
if z_d<=D/6 & z_p <= D2/6 
    display('z <= dw/6') 
else 
    display('Beyond model boundary') 
end 
  
else 
    display('Elastic mode of operation') 
end 
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