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Sammanfattning
Avhandlingen presenterar resultatet av ett examensarbete i maskindesign på KTH. Uppgiften
utfördes för ABB AB, Corporate Research.
ABB vill undersöka en ny drivlinjekonstruktion för lågkostnadsautomatisering. ABB Robotiks har
begränsat utbud av produkter rörande mobila plattformar. Det finns en stor marknadspotential för
samarbetsrobotar på mobila plattformar bland kunder med både låg och hög grad av automation.
I denna rapport diskuteras en möjlig designlösning av drivlinan för en mobil robotplattform.
Generellt är utformningen av en robust drivlina för mobilplattform en komplex uppgift eftersom
inte alla arbetsförhållanden är lika i en industriell installation. Till exempel kan vissa
industriområden för logistik och andra för tung teknik etc. Idag finns det mycket fa designer av
mobila industriplattformar konstruerade för ojämn yta, ytor med sprickor, stötar och liknande
ojämna egenskaper. Befintliga industriella lösningar är utformade för jämna ytor inom gränserna
for golvdesignen och överensstämmer också med lasterna på plattformens drivlina. En robust
lösning föreslås i denna rapport. Detta baseras på en litteraturöversikt med konstruktionsarbete
inkluderande lättillgängliga billiga komponenter samt modellutvärdering för att klara
specifikationen av grova golv ojämnheter. Studien för att implementera en stötdämpare baserad
drivlinjemodul har också inkluderats för att undersöka möjligheten att ha ett sådant drivsystem.
Andra funktioner inkluderar också en inbyggd styrenhet som gör den mer kompakt genom att
minska ledningar runt plattformen. Prestanda utfördes i en simuleringsmiljö för att se
stötdämparens beteende. Den slutliga konstruktionen versionen byggdes som prototyp för vidare
utvärdering i test.
Nyckelord: Mobilrobotplattform, drivlina, styrmekanism, stötdämpare, ADAMS modell
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Abstract
This thesis presents the result of a master thesis in Machine Design at KTH. The task was
performed for ABB AB, Corporate Research.
ABB wants to investigate in a new driveline designs for low cost automation. ABB robotics
doesn’t have any products concerning mobility application. There is a huge market potential for
collaborative robots on mobile platforms with customers with both low and high budget of
automation.
This report discusses one possible design solutions of the driveline for a mobile robot platform.
Generally, designing a robust driveline for mobile platform is a complex task since not all working
conditions are alike in an industrial setup. For instance, some industrial area might for logistics,
some might be for heavy engineering, etc. Moreover, there aren’t industrial platforms designed for
uneven surface, surfaces having cracks, bumps and similar uneven features. The ones which can
cope unevenness are for extreme off-road military conditions. Existing industrial solutions are
designed for even surfaces within limits and the floor design is also in accordance to the platform
driveline. A robust solution is proposed here after conducting a literature review with solid
evidence and evaluation for the same to sustain rough floor designs with readily available
inexpensive components. Study for implementing a shock absorber-based driveline module has
also been included within to look at a possibility to have such a drive system. Other features also
include an on-board controller which reduces the hassle of wiring around the complete platform.
The performance was conducted on a simulation environment to see the behaviour of the shock
absorber. The final design was prototyped for further evaluation.
Keywords: Mobile Robot Platform, Driveline, Steering Mechanism, Shock-Absorber, ADAMS
simulation model
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NOMENCLATURE
Notations
Symbol

Description

𝑑𝑠

Diameter of Shaft (m)

𝜂𝑠

Safety Factor

𝐾𝑡

Stress Concentration Factor

𝑠𝑛

Endurance Strength (MPa)

𝑠𝑦

Yielding Strength (MPa)

𝑇

Steering Torque (Nm)

𝐸1

Young’s Modulus for Concrete (N/𝑚2 )

𝐸2

Young’s Modulus for Rubber (N/𝑚2 )

𝜈1

Poisson’s Ratio for Concrete

𝜈2

Poisson’s Ratio for Rubber

𝐸′

Hertzian Contact Equivalent young’s modulus (N/𝑚2 )

R

Radius of the tyre motor (m)

d

Contact Depth (m)

a

Contact Radius (m)

k

Hertzian Contact Stiffness (N/m)

F

Load on the Tyre (N)

Abbreviations
PU

Poly-Urethane

ADAMS

Multi-Body simulation software

MBD

Multi-Body Dynamics

FEM

Finite Element Method

FEA

Finite Element Analysis

PCB

Printed Circuit Board

FBD

Free Body Diagram

SEK

Swedish Kronor

LiDAR

Light Detection and Ranging sensor

ITEM

item Industrietechnik GmbH

NEMA

National Electrical Manufacturers Association

GT2/GT3

Timing Belt Tooth Profile Code

PMSM

Permanent Magnet Synchronous Motor
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1. INTRODUCTION
This chapter describes the background i.e. the current trends in industries, purpose of this project,
limitations and methodology which will be used to address this report.

1.1. Background
There aren’t mobile robot platforms which are designed for existing floor conditions having
obstacles like bumps and cracks at industrial work areas as shown in Figure 9 Heavy Engineering
Work Area Flooring w. Existing designs are suited for specially designed floor specification which
are meant for autonomous mobile platforms as shown in Figure 8 Smooth Work Area Floor v.
These available are expensive and customers having a low budget for automation can’t afford.
There is a demand of such inexpensive platforms which would be robust and fulfil functionality
of existing platforms.

1.2. Purpose
Purpose of this thesis work is to investigate in a driveline design based on standard components
readily available from suppliers and to open a new market segment for customers with less budget
for automation with great functionality deliverables. The problem statement demands for a
compact modular scalable design.

Deliverables
The goal of this project firstly is to compare the existing solutions which could also include a new
idea not available in the market, then have a detailed design consideration of the selected idea for
the drive module with verification done on simulation environments. On the later stage, a prototype
of the driveline module will be made to further evaluate and record any changes if needed for
optimisation.

Research Questions
• What are the design considerations required while designing a driveline module for an industrial
application?
• What challenges are faced when working with available less expensive components?
• Is there an idea that could be implemented apart from holonomic drives?

1.3. Delimitations
It’s an open problem statement, everything worked upon will be included in the report. The final
design discussed in Chapter 6.2, is an ABB property and very less information will be reported.
This thesis work is limited to non-optimized design considerations with little focus on its FEM
analysis, mainly the mechanism idea and design considerations will be discussed since the design
is a product development phase. Comparison of omni-directional wheels with the steering
mechanism won’t be done in detail like life cycle analysis, instead comparison of equipment cost,
and other attributes will be done. Omni-directional drive mechanism won’t be discussed. Technical
specification will be a rough estimate of limits which could probably be over specked to give a
foundation to the thesis.
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1.4. Methodology
The final goal of the thesis is to have a prototype made of the design solution which will be used
for further evaluation.
The process flow will be as follows- Information search-> Develop options-> Choose the best
option based on technical requirements-> Design Stage-> Simulation Verification->
Manufacturing Stage-> Assembly-> Testing and Verification.
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2.FRAME OF REFERENCE
This chapter describes the references considered before considering the actual methodology. It
will aid and support the work conducted.

2.1. Different Drive Designs
After conducting a thorough literature review, one can identify the following drive designs.

Omnidirectional / Holonomic Wheel Drive
These drives are designed with specially designed wheels called omni-directional wheels. Such
drives don’t need a steering mechanism because the orientation of rollers on these wheels help the
driveline to slide and slip according to the direction vector of each wheel. In general, there are two
types of such wheels, omni and mecanum wheels.
Omni-Wheel- These have a series of rollers perpendicular to the main wheel axis on the periphery
of the wheel body. (Figure 1 and Figure 2)

Figure 1 Omni Wheel q

Figure 2 Omni Wheel Mobile Platform r

Mecanum Wheels- Like omni wheels, these wheels have roller at 45° to the primary axis. (Figure
3 and Figure 4).

Figure 3 Mecanum Wheels
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Figure 4 Mecanum Wheel Mobile Platform t

When these wheels are placed in a specified configuration (Figure 5 and Figure 6), it enables the
platform to move theoretically in infinite directions by vectoring individual rotations. Both these
wheels must be arranged differently to move the driveline in the desired direction. The following
figure shows possible mounting and direction configurations for both mecanum and omni wheels.

Figure 5 Mecanum Wheel Motion Vectors

Figure 6 Omni Wheel Motion Vectors
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Steering option
Another option is use a steering mechanism to steer individual wheel and obtain different
directions. This also proves to be effective design which can be seen in Figure 7.

Figure 7 Individual Steering Wheel Setup u

2.2. Industrial Work-Area Floor Conditions
Another major factor that decides the design of driveline is the floor specifications of the workarea. Based on the activity carried out in the work area, the floor evenness and the gradient are
decided. Some drivelines are meant for a maximum specified unevenness difference level. For
autonomous omni-directional driveline, a constant traction is required for the wheels to cause least
deviation while driving which requires a more even floor finish. Also, the wheel material is decided
based on the roughness and contact friction of the floor.

Figure 8 Smooth Work Area Floor v

Figure 9 Heavy Engineering Work Area Flooring w
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Typically, according to standards followed in different countries, work area where heavy
engineering activities are carried are more uneven with cracks and creases all over (Figure 9) than
logistics warehouse or light assembly flooring (Figure 8). And the unevenness can be expected up
to 10mm between points 300mm apart.
In the preliminary study, it was observed that generally autonomous mobile platforms are only
used for even floor surfaces probably due to the traction requirements as stated earlier. And most
of these platforms are omni-direction drives which robust on even floor conditions only.

2.3. Suspension system
A mobile platform if it must work on un-even floor surface, there is a need of having a suspension
mechanism which will overcome the unevenness and maintain continuous contact of all the
driveline units on the platform which in turn has a shock absorbing effect Suspensions could be of
two types- active suspension and passive suspension.

Active Suspension
Active suspensions have actuators which are a part of a closed loop feedback system which actuate
in response to the feedback signals generated from the feedback sensors. The actuators could either
be mechanical, hydraulic or pneumatic. Generally, such suspensions are used in automotive for
enhanced driving experienced. In Figure 10, the car’s front-left tyre is at a different height level
than front-right tyre without any tilt in the car body’s orientation. The tyres are suspended with
active actuators which enables each tyre to translate in vertical axis to compensate the level of
obstacle it encounters. This helps in maintaining continuous contact of all the tyres which increases
driving reliability and comfort. The continuous contact thus helps to absorb shocks due to
unevenness.

Figure 10 An Automobile with Active Suspension

Passive Suspension
Passive suspensions on the other hand are spring-damper system. The spring helps to compensate
the unevenness to certain extent and helps to absorb shocks. Whereas the damping system dampens
the spring oscillation to increase in driving comfort. Unlike active suspension, the vehicle body
tilts after certain compression of the spring since the spring becomes stiff and doesn’t compress
further which lifts the body. The suspension looks like in Figure 11. These suspensions are cheaper
and easier to install. Due to the complex nature of active suspension, passive suspensions are more
used. There could even be a combination of active and passive suspension which reduces the
complexity than having a full active suspension.
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Figure 11 Passive suspension mounted on a car axle

2.4. PMSM Hub Motor
PMSM (Permanent Magnet Synchronous Motor) Hub Motors (Figure 12) are motors with static
coil and rotating magnet rims. In other words, in conventional motors, the motor body is stationary
whereas the shaft spins but in PMSM Hub motor, it’s the other way around, the shaft is held while
the body rotates. This is possible due to the brushless characteristic of the motor.

Figure 12 Internals of a PMSM Hub Motor

These motors are becoming popular and are being used in motorised bicycles and self-balancing
scooters. The advantage of having this type of motor is that the design is modular and robust, and
controlling it is simple.

2.5. Timing Belt and Pulley
Timing/ synchronous belt and pulleys have power transmission system consisting of tooth profile
belt and pulley to avoid slippage unlike flat and v-belts. They are very reliable and are generally
used where high accuracy is required during power transmission. Depending on power
requirement, these belts are classified into different tooth profiles and sizes. Timing belts are made
with composite materials with different layers to give additional stiffness. Figure 13 shows a
typical timing belt and pulley arrangement.
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Figure 13 Timing Belt and pulley

2.6. Angular Contact Bearing
Angular contact bearings are bearings where the rolling elements in the bearing have contact points
at an angle to the outer and the inner rings. This gives them ability to handle both radial and axial
loads. The rolling elements could either be balls or rollers depending on the load carrying capacity.
These bearing can be with single row or double row rolling elements. There is a minimum
clearance between the inner ring and the rolling elements which demands pre-tensioning the
bearing. Different tandem configuration gives additional stiffness and increases the load carrying
capacity. ‘APPENDIX E: ANGULAR CONTACT BEARING CONFIGURATIONS’ describes
the configurations available.

Figure 14 Angular Contact Bearing Example
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2.7. Travel Guideway
Travel guideways or simply guideways are machine elements used to increase machine efficiency
during translation motion. Guideways can be classified in two types, profile guideways (Figure
15) and round shaft guideways (Figure 16). These guideways are accompanied with linear bearings
which have re-circulating ball tracks within. The application is generally mounted on the linear
bearing and the overall assembly is mounted on the guideway. The guideways are machined with
high precision and the contact surface is hardened for higher efficiency.

Figure 15 Profile Guideway and Bearing

Figure 16 Round Shaft Guideway

22

3.STATE OF THE ART
This chapter describes the existing products available in the market with details available on
online catalogue.

3.1. Existing Mobile Platforms
Many manufacturers across the global are engaged in making smarter mobile platforms. Most of
the driveline designs have omni-directional wheel drives (Figure 17). Some use individual steering
to control the drive direction. The choice of the driveline depends on the requirement of the activity
that the robot is designed for. Some few popular mobile platforms are stated below.

Figure 17 Omni-directional Drive Mobile Platform l

‘Ridgeback’ by ‘Clear-path robotics’
Ridgeback (Figure 18) is one of the popular mobile platform existing in the market which has
omni-directional driveline. The makers have put in efforts to make it as customizable as possible.
It’s an indoor mid-sized mobile platform capable of working in ware-houses and logistic units
(APPENDIX A: RIDGEBACK MOBILE PLATFORM).

Figure 18 RidgeBack Mobile platform m
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‘KMR Quantec’ by ‘KUKA Robotics’
The KMR Quantec (Figure 19) mobile platform is one of the platforms made by KUKA. It’s a
relatively heavy-duty platform with more robust features as discussed by its makers. It uses
mecanum wheel drives with LiDAR sensors to get position accuracy.

Figure 19 KMR Quantec n

‘MiR 100’ by ‘Mobile Industrial Robotics’
The MiR 100 (Figure 20) is again a mobile platform by a Danish firm ‘Mobile Industrial Robotics’.
It is a relatively smaller platform than the ridgeback with an interesting driveline unit which uses
conventional tyres instead of holonomic wheels. As seen in Figure 20, it has six tyres (two driving
tyres and four steering tyres at the corners). The design is quite unique which incorporates
independent driving and steering mechanisms.

Figure 20 MiR 100 o
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‘Care-o-Bot’ by ‘Fraunhofer-Gesellschaft’
The Care-o-Bot (Figure 21) is a revolutionary and futuristic help-aid robot. It’s an integrated
platform with a human like robot over the platform. The drives are like the ‘Steering Model’
discussed in ‘Table 1 Comparison table’. It is supported with three drive modules which eliminates
the need of shock absorber. In the initial research phase, in one of its YouTube videos, it was
observed that the platform stability was quite impressive since it’s a three-contact point solution,
which gives it a good manoeuvrability without sacrificing its control. It is not for industrial
application, rather it’s a helping aide robot for domestic application. That’s the reason why the
drives don’t look robust enough.

Figure 21 Care-o-Bot p
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4.COMPARISON OF DRIVE SOLUTIONS
Based on the platform drive options in the previous chapter a table has been generated for
comparison. This comparison will serve as the basis of the final decision to the mechanism to look
into.

On basis of existing platform drive designs, an attribute table with different points were compared
with these three options. The information stated are from various sources and suppliers available
online. To standardise the options, wheel options having similar load carrying capacities were
made and a table was constructed as followsTable 1 Comparison table

Evaluation Criteria

Wheel Details

𝟏

Omni Drive.
**φ200mm,
Aluminium rim
with 36 PU
rollers

Options
Mecanum Drive.𝟐

Steering Drive

φ152mm,
Aluminium rim
with 36 PU rollers

φ170mm, Rubber tire
with Aluminium rim
(hub motor)
Approx..1000SEK/wheel
motor and steering
motor
***Motor and wheel are
an integrated module
(PMSM Hub Motor),
steering motor will be
stepper which is less
expensive

Cost

1050 SEK/wheel

3500 SEK/4wheel
set

**Note for motor
requirement

Driving motors
will be servo
motors which are
more expensive
than stepper

Driving motors
will be servo
motors which are
more expensive
than stepper

Maintainability (Long
Run)

High

High

Modularity

Driving Motor
comes separately

Driving Motor
comes separately

Robustness
Vibration while driving

Low
Highest

Low
High

On the spot stability

Roller Slip

Roller Slip

50 kg

100kgs (400
kg/set)

100kg/wheel

Low

Low

High

Carrying capacity (Each
Wheel)
Traction (Floor-Dry
Concrete)

Low
Driving Motor, bearings,
tire module (See fig3),
Steer Motor comes
Separately
High
No Vibration
Stable with electric
brake

Good

High per Unit but
less than Omni
model
Good

Good

Deliverability

Good

Good

Best

Development time

Less

Less

Relatively more (More
parts)

Power consumption

High per Unit

Availability
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Less

Mounting Space
Cost of repair

Less
High

Less
Highest

More (Steering Radius)
Less

Floor Quality Requirement

High

High

Less

Suppliers availability

Online

Online

Ease to Assemble

Relatively Simple

Relatively Simple

Online/Retailer
Difficult because more
number of components

Program Interfacing

Control One
Motor

Control One Motor

Control Two Motor

**Here, the omni wheel considered has very less capacity since it’s the maximum size available
in the market and this had to be considered for the evaluation.
***Hub Motor was selected because of its modularity, availability instead of a separate motor and
tire module
****Colour Code (Attribute Priority)- Red- High priority, Yellow- Medium priority, Green- No
priority
1- Source- https://robu.in/product/203mm-double-aluminium-omni-wheel-bearing-type-roller/
2- Source- https://robu.in/product-category/wheels/mecanum/mecanum-bearing-type-rollers/

Conclusion from comparison
By considering all the above factors in Table 1, it has concluded that the new drive module design
will be with the steering mechanism option. Important and crucial reasons for this decision are:
• the cost of the entire drive module for the steering mechanism will be much less than the other
two options.
• there aren’t any industrial mobile platforms with individual steering mechanism, it’ll be great to
investigate this design over omni-directional platform.
• the driving motor (PSMS Hub Motor) and the wheel are a single module (Figure 12) which
simplifies the final setup process
• the PSMS hub-motor wheel is much robust than the PU based rollers on the omni and mecanum
wheels which won’t sustain on uneven floor conditions and lastly
• in addition, compared to other existing designs, none are compatible to work great on un-even
surface as discussed.
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5.TECHNICAL REQUIREMENTS
This chapter describes the technical requirements decided and plan for implementation of the
design and the assembly stage.

Technical requirements build a foundation to the work to be done. Since this is an open problem
statement, some technical requirements are decided based on the existing platform specifications
mentioned in the catalogues available online and to consider identical specs, to investigate upon
an innovative design conforming those requirements.
• Mechanism Type ..................................................... Individual module steering mechanism
• Maximum Load per module .................................... 250 N
• Maximum height or depth of an obstacle ............... 15mm
• Number of Motors ................................................... One for steering and second for driving
• Minimum steering angle resolution......................... 1deg
• Maximum acceleration of the driving motor ........... 0 to 4km/h in 2s
• Maximum speed ...................................................... 4 km/h (normal human speed)
• Driving Motor ......................................................... PMSM Hub Motor
The maximum load is decided with YuMi robot, batteries, electronics and other components
included on the platform which would weigh approx.100 kgs. The obstacle vertical dimension is
decided from literature available on industrial flooring standards. The initial steering resolution is
tentative, if required the resolution will be increased. The acceleration and speed are decided by
intuition. It was decided from the beginning that if the steering mechanism was to be implemented,
the driving will be done with the PMSM Hub motor since it is modular. These are the initial
requirements and additional requirements might be added depending on constraints and difficulties
faced during further investigation.
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6.IMPLEMENTATION
This chapter describes the implementation of the thesis which includes two subsections viz. design
iteration and design considerations. Steering Mechanism was investigated and implemented.
Chapter 6.2 is explained with the final design which was approved and manufactured. The
remaining designs explained in Chapter 6.1 are for reference showing how the design evolved
through the phase.

6.1. Design Evolution
Different ideas and configurations of the steering mechanism were studied. It is an endless task
where a designer can come up with many iterations. In this thesis work, thirteen iterations were
made in total, which include slight changes between iterations. In this Chapter, 4 out of thirteen
designs will be discussed since the remaining designs are either similar or slight changes were
made.

Design Stage 1

Figure 22 First iteration with suspension attached to the tire fork

It was the very initial stage with the idea of having the shock absorber mounted on the fork (Part
8). The CAD as shown in ‘Figure 22’ is not a detailed but rather is a rough idea concept showing
the possibility of have a shock absorber on the driving wheel. The purpose of having a shock
absorber is explained in the following ‘Chapter 6.2’ under topic ‘Shock Absorber’. One eye joint
of the shock absorber (Part 9) is attached to the fixed shaft (Part 7) which is fixed while the second
eye of the shock absorber (Part 10) is attached to the fork (Part 8) which is connected to the fixed
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shaft with splines. This enables the fork to translate up and down making the spring
compress/extend while driving on un-even road surfaces.
The stepper motor (Part 5) is connected to the driving pulley (Part 3) which relates to a timing belt
(not shown in the drawing). Gear reduction is required for the steering mechanism which is
explained in ‘Chapter 6.2’ under topic ‘Pulley Reduction’.
Essentially this could have been a useful design but building splints on a 3D printer requires earnest
efforts and very tight tolerancing is needed for the translating joint.

Design Stage 2

Figure 23 Second Design Iteration with offset shock absorber

Before the final design (Figure 25), there were seven more design iterations made with similar
shock absorber configuration. Bike shock absorber was considered for the design, since it is readily
available, and its modular design makes it versatile for quick installation. The shock absorber was
connected in between ‘Parts 13a and 13b’ (Steering Mechanism Plates) with supporting ‘Parts 10
and 14’.
The tire fork (Part 2) had an upgrade which has a relatively more organic shape. The fork was
made in such a way to support the tire from single side since a double sided one would have
required modification on the open side of the tire.
Guide rails (Part 9) considered were round rails which supported and constrained all the DOF
except the vertical translation. The reason why round rails were used in the design is explained in
the ‘Chapter 6.2’ under topic ‘Guide Rails’. These rails are supported with ‘ITEM profiles’ (Part
7). These profiles are attached to the main platform body (Platform Chassis). The entire drive line
slides along these guide rail on linear bearings (Part 12) which are fitted inside ‘Parts 13a and 13b’.
Since the shock absorber and the guide rails are arranged at an offset from the wheel contact axis,
high bending moments were observed on the linear bearings and other attached parts. The shock
absorber was placed in this style because of total height restriction which was violating if the shock
absorber was placed over the drive module.
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Design Stage 3

Figure 24 Iteration with parallel shaft arrangement

This is the parallel shaft arrangement which is quite a complex system which has shaft inside a
shaft configuration. This design is quite special for the fact all the support and translating axes are
in-line and the guide rails don’t experience any bending moment during its static state. This is a
rough sketch which discusses the possibility of having such a configuration. Bearings (Part 3) in
the Figure 24 are over-dimensioned due to the fact it’s just for representation. Many parts are
missing for the same reason. ‘Part 5’is connected to the chassis of the platform. Part 9 which is
connected to the sprung masses sit on the inner race of the ball bearing (Part 11), while its outer
race is coupled to the Pulley (Part 4). The pulley is connected to the tyre fork (Part 2) with the
drive shaft (Part 14) which sit on the inner race of the angular contact bearing (Part 3) housed by
the angular bearing housing (Part 13).
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Design Stage 4

Figure 25 Final Design

This is the final prototype design which was finalised for manufacturing. As seen in Figure 25, the
overall length of the module has been substantially shrunk. The steering mechanism housing are
split construction and the bearing housings are integrated in these parts as well to reduce the overall
number of parts. The tyre fork was included with more organic for aesthetic purpose. Provisions
for electronic sensors and other electronic components were made onboard with wires hidden
inside the electronic unit for a clean assembly. The coil springs are integrated around the guideway
shafts which also serves as a strut column for the springs. This design is discussed in detail in
Chapter 6.2 with design considerations.
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6.2. Design Stage
The final design has many components which interact with each other and play a crucial role over
the entire functionality of the module. In this chapter, the design consideration of these components
is documented.

Steering Loads
The steering mechanism was the entire focus point on the overall system which was affected by
many parameters. Especially the contact mechanics between the tyre and the flooring (Figure 26).
A rough general steering calculation was made instead of having a complex contact mechanics
involved in the calculation. The outcome of this consideration was the steering motor spec and the
pulley dimensions.

Figure 26 Car Tyre and Ground Interaction Example x

Figure 27 PMSM Hub-Motor Tyre y

To go ahead with the calculation, it was decided to fix the contact surfaces which were concrete
and tyre rubber. After thorough investigations, the softest concrete and the softest rubber were
considered because that would result the worst contact which would require maximum torque to
steer the tyre unit. Also, the material properties were unknown of the components in hand. Hence,
with engineering guess, limits were defined accordingly. For the driving motor a PMSM Hub
motor was chosen since it was readily available, it conforms to the technical requirements and its
affordable for the final prototype. This motor was finalised, and further considerations will be
made around it.
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For theoretical calculation, a general Hertzian contact was made and the equations were solved to
get the contact area which was then used to find the torque required to overcome the necessary
friction (APPENDIX B: STEERING TORQUE CALCULATION). To verify this theoretical
model, an ADAMS contact simulation was made (Chapter 6.2- ‘Steering Torque’ Figure 41).

Shaft Design
The shaft dimension calculation was majorly dependent on the worst torque from the steering
calculation (APPENDIX C: STEERING SHAFT DESIGN). Another consideration was regarding
the ease of assembly which gave it a progressive diameter geometry. Bearing seats were carefully
dimensioned for its required tolerancing as per SKF standards. The tyre fork is connected to the
flange section of the shaft with the largest diameter having five M5 threads for their connection
(Figure 28). On the other end of the shaft, there are threads for the bearing lock nut (feature
deactivated in Figure 28). Since angular contact bearings were used (explained in the next sub
chapter), it was necessary to have a lock nut for its pre-tensioning. The driven pulley has its
connection in the longest part of the shaft (as indicated). This section has a flat seat of 1.5mm
depth for coupling the pulley with a grub screw. The shaft is hollow for the wires from the
brushless motor to route internally to have a clean assembly. The detailed drawing can be found
in APPENDIX D: STEERING SHAFT DRAWING.

Figure 28 Isometric View of the Steering Shaft

Bearing Selection
Shock loadings are expected in a drive train unit, which demands bearings having capability to
encounter axial loadings as well. Usually there are two types bearing arrangement, combination of
thrust and radial bearing, and pair of angular contact bearings. Assembly problems might arise if
we used the former combination, also the axial loading expected in this driveline assembly are not
high enough to have a thrust bearing in the assembly. So, keeping these factors in mind angular
contact bearings were used. There are different configurations with which angular contact bearings
can be mounted (APPENDIX E: ANGULAR CONTACT BEARING CONFIGURATIONS), here
‘back-to-back’ arrangement was used to have a stiffer bearing arrangement and it can withstand
more tilting moments which is expected if the module hits an obstacle. The two bearings are
dissimilar for ease in assembly as explained in the previous sub-chapter. The bearings are overdesigned for the load cases for this case but were selected due to the dimension requirement.
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Figure 29 Section View of the bearing arrangement

Steering Motor Selection
The motors on the platform are all powered with a fixed voltage DC power source (Battery), hence
a DC motor with suitable spec had to be selected. A stepper motor was preferred over brushed and
brushless DC since it is cheaper, light in weight, and easy to control. The only drawback of a
stepper motor is that it only works on full current which consumes a lot of battery charge even
when the shaft is not rotating to hold the shaft (stand still) where the current will be controlled by
a feedback loop. This issue at stand-still was countered by grounding all the channels of the motor
which essentially short circuits the motor which in turn give more resistance to the shaft thus
holding the shaft in position without consuming any charge.
Accordingly, stepper motor NEMA 23x54mm was used, which gave a max torque of 1.26 N.m.
As discussed in the ‘Steering Parameters’ and ‘Appendix B’, there was a need to have a reduction
of approx. 8:1 to achieve the target torque capacity of 10 N-m.

Belt and Pulley
Timing belt was preferred over other flexible links or a gearbox. Flat or V-belt were not considered
due to their chances of slipping during transmission. Chains were also out because it made the
assembly quite heavy and noisy. Gears or a gearbox was also not an option due to the fear of
transmitting shocks to the motor shaft through the gearbox stage. Hence, timing belts were
preferred because they are flexible, quite during transmission and have theoretical zero slippage.
Accordingly, toothed pulleys were decided with same tooth profile as that of the belt.
There is an extensive list of several types of belts and pulleys available on shelf. The most widely
used is the GT2/GT3 tooth profile. It is best suited for this application because of factors like
operation limits, availability, procurement time and cost.
As discussed, in the ’Steering Motor Selection’ and ’Steering Parameters’ sections, the
transmission ratio turned out to be 8:1, with 20 teeth on the driving pulley and 160 teeth on the
driven pulley. The belt width decided was 5mm with pitch 2mm since it satisfied the requirements
and was readily available. The driving pulley was procured while the driven pulley was 3D printed
since an encoder had to be integrated in it (discussed in Electronics Chapter).
The belt goes around an idler pulley which re-routes the belt to reduce the belt length without any
disadvantage with teeth in mesh. The idler pulley also has a tensioning mechanism to create better
mesh as shown in Figure 30.
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Figure 30 Belt-Pulley Arrangement

Linear Guideway and Linear Bearing
The final design consists of sprung masses (main platform and the robot over it) and un-sprung
masses (driveline module). To connect and make these masses interact guideways and linear
bearings were installed as shown in Figure 31. These guideways made the sprung mass translate
with respect to the un-sprung mass.
Guideways are generally of two type, flat guideways and round guideways. The latter one proves
to be more rigid around a linear bearing connection than the former. Round guideways can only
take bending moments when combined with another guideway, hence the module was equipped
with two guideways. This pair of guideways are in such a way that it translates along the steering
axis which induces the least bending moment in all direction on the guideways. These linear
bearings sit inside the steering mechanism cover.

Figure 31 Linear Bearing Arrangement

Tyre Fork Design
This the relatively the most vital component of the module. Efforts were put into to design a good
topology for the fork. Because of the tyre motor constraints, it was a tedious work to develop a
‘double sided’ fork. The important considerations were rigid connections between steering shaft
and driving shaft, and a passage channel for the brushless motor wires. The fork was then made
with organic features for aesthetics since the prototype was to be 3D printed.
There are total five bolts to support and constraint the brushless motor rigidly. Countersunk
profiles were included to make a clean outer profile.
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The final 3D print was made of nylon with carbon fibre reinforcements in certain layers in-between
with honey comb structure within Figure 59. Unfortunately, further strength analysis couldn’t be
made since the honey comb pattern is the 3D printer company proprietary information, and the
material properties and fibre directions are unknown. With destructive tests, an estimate to
mechanical properties can be found out which could be the next stage to investigate.

Figure 32 Fork Interface with the shaft and tyre

Steering Mechanism Housing/Cover
The pulley assembly and the housing for the bearings are integrated in two splits parts connected
with a series of bolts as shown in Figure 33. It also houses encoder PCBs along with an electronic
casing for the motor control PCB. For the prototype, the split parts will be 3D printed out of nylon
with carbon fibre reinforcement layers.

Figure 33 Steering Mechanism Covers
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Shock Absorber
This is an additional feature for the driveline module, which comprises a spring-damper solution
for compensating shock loadings on the drive module. A detailed ADAMS simulation study was
made to simulate the behaviour of four such drive modules interacting with each other when it
drives over a bump or a ditch (Chapter 7). A wide range of springs are available which can be used
for the designed drive module. This range can further be optimised for cost, availability and fatigue
life cycle. Springs with different stiffness were tested in ADAMS (Chapter 7 under ‘Bump
Simulation’) mainly for continuous contact outlook while total interaction of the platform.

Figure 34 Bike Shock Absorber (Coil Spring) z

Figure 35 Wave Spring zl

Figure 36 Coil Spring vs Wave Spring zm

During this study, wave springs (Figure 35) and coil springs (Figure 34) were studied for difference
in performance. In the initial phase of the design, efforts were made to accommodate a bike
suspension in the design, since it is modular and easy to assemble and dismantle. The con of bike
suspensions is that they are only available with high spring stiffness and there is no damper in the
system. The damping is dependent on the spring material damping property. Later upon more
investigation, wave springs were eliminated because they have less material damping and quite
prone to fatigue upon high operational cycles and even they are more expensive than the coil spring
although they prove to have almost 50% space saving than coil springs.
Finally, a standalone coil spring placed around the guideway (Figure 37) was decided best suited
for the design since they are less expensive with no loss in functionality. For the damper part of
this shock absorber, miniature shock absorber module is to be investigated.
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Figure 37 Coil Spring Interface with the guideway

Optical Encoder for Steering Angle
There is an optical encoder sensor attached to the driven pulley, as shown in Figure 38.

Figure 38 Encoder Setup

The encoder on the driven pulley is of an optical type which detects change in light signal to
compute rotation parameters. It mainly consists of a slotted disc with 360 slots (360 pulses per
revolution) and one additional slot for its homing position. Homing position will determine the
reference position when it first starts the operation. The disc is interface with optical sensors which
has a transmitter and a receiver as shown and the disc sits between the sensor poles. The transmitter
emits continuous signal on the disc while the receiver detects signal variation when the disc rotates
which produces a square wave1. This wave signal is then computed to calculate rotation
parameters like angular displacement, velocity, acceleration which is used to control the steering
action. There are two sensors equipped for this purpose to determine the direction of rotation by
measuring the change in phase angle (90° in this case) as indicated in Figure 39. The third sensor
is for the homing position. These signals are then fed to the controller which completes the closed
loop control system.

Figure 39 Output Signal Plot for constant angular velocity rotation

The motor actuators and the encoder are controlled with motor controller and micro controller
which is mounted on board, with 3D printed parts which act like fixtures to attach the parts.
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Figure 40 Control Unit
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7.ANALYSIS AND RESULTS
In this chapter the verification of the design is discussed which includes simulation plots of
different results and its analysis is documented.

The analysis setup was all done on MSC ADAMS with various motion cases for the driveline
module. Efforts were made to have an accurate simulation setup, but many generalisations and
assumptions were made since there were limitations to computer resources. Since this is an initial
development stage of the drive module, the generalised results give us a good estimate for further
improvement.

Steering Torque
As discussed in ‘Chapter 6.2, Steering Parameters’, contact mechanics of the tyre and concrete
floor interaction was investigated with a simple simulation setup where the tyre with the
generalised periphery geometry was made to rotate with certain dynamic data as mentioned in
‘Table 2’ with the setup screenshot in ‘Figure 41’. The actual tyre has threads on its periphery
which were ignored in the CAD model of the wheel which has a smooth surface (Figure 42). This
analysis was required since the hub motor was to be used and everything else was designed around
the Hub motor thus making it inter-dependent.
Table 2 Dynamic Data for contact mechanics

Parameter
Load on the tyre (𝐹)
Young’s modulus of the tyre rubber (𝐸1 )*
Poisson’s ratio of the tyre rubber (𝜈1 )*
Young’s modulus of the concrete flooring (𝐸2 )*
Poisson’s ratio of the concrete flooring (𝜈2 )*
Dynamic Contact Friction (𝜇𝑑 )*
Static Friction (𝜇𝑠 )*
Stiction Transition Velocity**
Friction Transition Velocity**
Contact Stiffness (𝑘)***
Contact Damping (𝑐)***

Value
400 N
10 MPa
0.49
17 GPa
0.15
0.63
0.89
1.0e-03 mm/s
5.0e-03 mm/s
315600 N/m
3156 N. s^2/m

* Based on information available online. Values found were a range depending on the material
grade. Values considered are for worst case scenario.
** Transition velocities were assumed and there were restrictions by ADAMS.
*** Contact Stiffness was calculated using Hertzian contact theory (APPENDIX B: STEERING
TORQUE CALCULATION) and Contact Damping was assumed to be 1% of the contact stiffness,
since ADAMS doesn’t implicitly compute these values with material properties input.
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𝐸1

𝐸2

Figure 41 ADAMS setup for steering torque requirement

Figure 42 General Wheel Geometry vs Actual Geometry

In the setup, the input to the model was a rotation motion given to the tyre with 40 kgs load (load
is assumed with a large safety margin) to rotate about the vertical axis for 90° in 1 sec. a measure
was put on the motion constraint to plot the torque as shown in Figure 44. It’s important to learn
how the software computed the contact mechanics for the given case.
ADAMS computes the following contact force with 𝐹 = 𝐾 ∗ (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)𝑛 , where F is contact
force, K is the contact stiffness, distance is the penetration observed and n is the exponent factor.
The exponent factor is used since ADAMS uses a non-linear spring-damper model for calculation.
The contact damping is fully turned on at the penetration depth which is user-input. The damping
is a cubic step function which increases from zero to full damping from zero penetration depth to
full penetration depth as defined by the user.
The friction model as shown in Figure 43 tells how the transition takes places from static regime
to stiction regime to sliding regime.

Figure 43 Friction model in ADAMS
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Where 𝜇𝑠 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑠𝑡𝑎𝑡𝑖𝑐 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝜇𝑑 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑉𝑠 = 𝑆𝑡𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑉𝑑 = 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
There are even more limitations to which values to input while defining the above friction
parameters which are, ‘𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ≥ 5 ∗ 𝐸𝑟𝑟𝑜𝑟’ and ‘𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ≥ 𝑆𝑡𝑖𝑐𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 > 0’. Error here is the overall system error which has
a default setting as 1.0e-03 (units).
By putting in appropriate values, the contact dynamics of the motion demands constant torque of
9 N-m to complete the motion, which became the basis of the steering limits as discussed in
Chapter 6.2. The steering torque can further be optimised through experimental data for stiction
and friction transition velocity input values which affects the curve trend. The constant torque
required as seen in the plot (Figure 44) is approx. 9 N-m. The spikes in the ‘Steering Torque’ plot
might be due to transition from stiction regime to dynamic friction regime which shows the peaks
at 12 N-m. This value is not considered due to unknown variables like stiction and friction
transition velocities which were assumed in the simulation. For safe assumption the torque was
decided to be 10 N-m. The constant torque is verified with theoretical calculation in APPENDIX
B: STEERING TORQUE CALCULATION.

Figure 44 Steering Torque Plot

Bump Simulation
Shock absorbers are the newest feature in the driveline module, it was important to study the
interaction between the shock absorbers of the other modules attached to the same mobile platform.
The main purpose of the shock absorber is to always keep the tyre in contact with the floor to
achieve good traction since the motion accuracy of the system is highly dependent on the traction
of individual drive module.
In this simulation a general platform was connected to four drive modules with total load of 100
kgs (simulation load is considered 4x times the load on one module as mention in Chapter 5) on
the platform and it was made to run over a bump with dimensions as shown in Figure 46 with max
velocity of 4 kmph as discussed in Chapter 5 which looks like as shown in Figure 45. The
dimensions of the bump partially conform that is the maximum depth conforms the requirement
of 15mm whereas the length is arbitrary chosen. According to heavy industrial standards this bump
is over designed to make the drive module work in extreme conditions as well.
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Figure 45 Dynamic Simulation Setup of the Platform running over a bump

Figure 46 Dimensions of the bump

The setup is a rigid body simulation with rigid elements and connections, except for the shock
absorbers which are flexible connections, included in-line with the guide-rail translation
constraint. The spring stiffness and damping co-efficient was varied according to the spring
availability and its corresponding appropriate damping co-efficient. For the final setup and
prototype, spring of 19.3 N/mm was used while the damping co-efficient is 70% of its critical
damping coefficient.
The contact parameters between the tyres and ground are same as discussed in ‘Steering Torque’
section. Many iterations were made to get a good comparable simulation. The results from the
simulation are recorded and presented below with explanation to as what’s happening in the plots.

19.3 N/mm

𝐸1

𝐸2

Figure 47 Generalised Stiffness-Damping diagram of the system
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Figure 48 The orientation of the platform at the maximum height of the obstacle
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Figure 49 Contact Forces at each Tyre Contact [N]
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Figure 50 Spring Deformation on each module [m]

1- Entry of front tyres on the bump
2- Exit of front tyres on the bump
3- Entry of back tyres from the bump
4- Exit of back tyres from the bump
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In Figure 49, contact forces at each tyre-ground contact is plotted to verify whether any module is
losing contact while running over bump. At the entry of the bump, the front-right tyre goes up
which cause that module’s and its diagonal opposite module’s springs to compress while the other
two modules’ springs extend due to its own weight. The system comes to its static state when it
exits the bump. Similar thing happens when the back-right tyre enters the bump. Overall, the
modules always remain in contact even when it’s at the maximum height of the bump.
The plots have spikes which could be the noise in the simulation which can be ignored instead a
curve fitting tool could be used to obtain a relative smoother curve. The initial spikes in the plot is
because the model doesn’t start from equilibrium, which makes random unwanted noise. The noise
might also be due to flexible constraints and elements connected in series which interact with other
modules which causes high frequency vibration in the system.

Ditch Simulation
Similarly, the same setup (Figure 45) was simulated over a ditch with dimension as shown in
Figure 51.

Figure 51 Dynamic Simulation Setup of the Platform running into a ditch

Figure 52 Ditch Profile
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Figure 53 Contact Forces at each Tyre Contact [N]
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Figure 54 Spring Deformation on each module [m]

1- Entry of front tyres on the ditch
2- Exit of front tyres on the ditch
3- Entry of back tyres from the ditch
4- Exit of back tyres from the ditch
In Figure 51 each module loses contact momentarily at some time, it could be probably due to high
speed of the platform which causes a jump at the obstacle region or if we compare the spring
deformation plot and the contact force plot, ideally when it loses contact the deformation should
also be zero but here it isn’t the case, which suggests that the module weight is not enough to
immediately respond when one tyre has to go down while the others stay up.

Flexible Body of Tyre Fork
For estimating and verifying the tyre fork strength, flexible body simulation was conducted in the
ADAMS setup itself with ViewFlex toolbox. Unlike the final prototype made out honeycomb
structure of combination of nylon and Carbon Fibre, the simulation was done with solid fill
aluminium material since there were limitations in resources to model the complex honeycomb
flexible structure. This Flex simulation gave us the weakest area of the fork which would help to
reinforce that area if it fails during testing. Figure 55 shows the flexible body generation while
Figure 56 shows the max stress concentrations during the Bump Simulation.
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Figure 55 Tyre Fork Flexible Body showing von-Mises Stress Colour Contours

Figure 56 von-Mises Stress Results of the Tyre Fork during the Bump Simulation [MPa]

The simulation setup is same as discuss in the previous sub-chapter ‘Bump Simulation’. The
platform is made to hit the bump with 4 km/h speed and the stress concentration regions were
plotted during the simulation. The snapshot as shown in Figure 55 and Figure 56 are when it just
hits the bump and high impact stress are observed. The simulation indicates high stress areas at
the tyre motor shaft connection and the lower area of the neck region, which confirms a designer’s
engineering intuition of having high stresses in those areas. The flexible body here was generated
with a default programme within ADAMS which doesn’t give much freedom or control over the
generation of node, elements, element shape and other features. But it does give a good estimate
for initial study. This study was important since, it is just holding the drive module from one side
instead of two, which requires it to be robust and rugged in construction. The tyre fork in the
simulation has a simpler geometry without many features like chamfers, fillets and drill holes
which doesn’t have drastic effect on its strength. The purpose of including a simpler geometry was
to have a faster calculation process.
Flexible body simulation is quite a complex setup to have but it’s essential since it gives more
information and better results which depicts a real-world model. This could be a future work
challenge to have more accurate flexible bodies and flexible connections instead of rigid entities.
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8.PROTOTYPE PARTS
In this chapter the prototype parts are discussed with observations made for further improvement.

Except for the shaft which was manufactured with general purpose machining, all other parts were
made with additive manufacturing technique. The design of major parts is discussed in Chapter
6.2 while the following sub-chapters discuss about the manufactured parts with observations
recorded for each part.

8.1. Shaft
The steering shaft was manufactured with general purpose machining. It was important to maintain
tolerances on certain sections of the geometry especially on the bearings seats. With closer
observations, we can consider the shaft to be the spine of the steering mechanism and
manufacturing with additive manufacturing wouldn’t give much rigidity to it since the filler
material fibres can only be layered in one direction. General fabrication steel was used for the
manufacturing.

Figure 57 Shaft after manufacturing

Figure 58 Shaft - Fork interface
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8.2. Tyre Fork
The tyre fork was made with additive manufacturing with nylon and carbon fibre. Carbon fibre
layers were put on certain section of the geometry. The part was oriented on the printer bed (Figure
59) in such a way that the layer fibres were oriented in the direction of the load to get maximum
stiffness along the load direction. To give additional stiffness to the internal geometry, honeycomb
structure was included as seen in Figure 59. Further experimentations will be made to verify how
effective the honeycomb structure is.

Figure 59 Tyre Fork under printing

Figure 60 Tyre Fork attached to the tyre

8.3. Steering Mechanism Top and Bottom Covers
Similarly, the top and the bottom covers were made with additive manufacturing. Aluminium
strips were inserted into the parts as shown in Figure 61 with engineering intuition to increase the
stiffness the axis orthogonal to the steering axis towards the stepper motor.

Figure 61 Aluminium strips inserted as reinforcers
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9.DISCUSSION
This chapter discusses and highlights the problems, issues and intent of the work being done.
The work recorded in the above chapters have been a success in providing a new type of driveline
unit which has never been done for industrial application. Although many tests and experiments
are still left to be done, this initial step of product development has got a positive response.
Many things done are yet to be refined and tuned before the design is finalised. Especially looking
at the suspension module, the design doesn’t contain the damper module which has to be
investigated. Efforts must be made to look for suppliers who could help us develop a miniature
shock absorber meant for industrial environment.
The tyre-ground study is a wage study which assumes many things. By further investigation, these
assumptions can be improved to have a more real-world model. Further load cases must be
considered which could affect the overall system behaviour. Further the flexible body study must
be done to get a better picture for fine tuning and optimisation. The flexible body study in this
report is only for verification and just introduces the capability of doing a flexible study for such
a dynamic system. Thus, estimating the natural frequencies becomes a future work and not a part
of this project.
The overall product geometry has still need to be optimised for lesser material without any loss in
strength and stiffness. The linear bearing and guideways are over designed which increases the
overall cost of the system and it needs to be optimised.
Moreover, suppliers must be contacted for special consideration for this specific application. For
example, the Tyre Hub motor is directly taken from an existing product which is over designed for
this application. A smaller version with lesser power rating is sufficient for this drive module.
The final product will be made of aluminium instead being made by 3D printing. The design then
needs to be tuned for metal cast since casting is less expensive than machining. Other sub-systems
like the platform will also influence the final design.
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10.CONCLUSION
This Chapter documents the conclusion of the thesis work based on observations, plots and results.
This project has achieved its objectives and answers the research question. This design (Figure 63)
proves to be quite modular as compared to the existing mobile platform driveline units were the
control system is centralised which make the design only specific to that platform design. The
Figure 62 shows the final assembled module which will be duplicated and would be attached to a
platform base and tests will be conducted to calibrate its position accuracy and other control
aspects. This driveline design will facilitate more uniform traction than holonomic wheel even on
uneven terrain. Although more investigation is needed for the damping module of the shock
absorber, this drive module can be even tested with only the springs since it has its own material
damping properties. Additionally, the electronics are attached on-board unlike existing platforms
where its attached on the platform, thus adding long, complex wiring.

Figure 62 Complete Platform Design

Figure 63 Driveline Module
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11.FUTURE WORK
In this chapter, future work and potentials are discussed.
There is a big scope of improvement for cost and material. Since, this was the prototype stage, not
much optimization was made since the goal was to develop an idea. The brushless motor used is
over designed for the requirements, which could be made smaller with less specifications,
eventually reducing its size. The design could be further modified like to work as a plug and play
module, which could be used as a stand-alone system without being a part of the mobile platform.
Further better optimization can be made to the bearing arrangement since the current design is
highly over speced for the requirement. Topology optimization can be conducted for the tyre fork
geometry for better performance.
There is scope of conducting flexible multi-body simulations for the entire system which the
results could be used to further optimize the design and make it more durable. The shock absorber
concept is rough around the edges, it’ll be great if further brainstorming can be done to make a
more effective shock absorbing system. Investigation can even be made for active suspensions
which will always keep the platform horizontal, no matter how steep the gradient is.
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APPENDIX A: RIDGEBACK MOBILE PLATFORM
This appendix contains the catalogue of a reference mobile platform called RidgeBack Platform.
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APPENDIX B: STEERING TORQUE CALCULATION
This appendix describes the theoretical steering torque to verify the ADAMS model as stated in
Chapter 6 ‘Steering Torque’.
Data is considered from Table 2 in Chapter 7 under ‘Steering Torque’.
𝐸′ = (

1−𝜈1 2
𝐸1

+

1−𝜈2 2 −1
)
𝐸2

Hertzian Contact Equivalent Youngs Modulus

On solving, 𝐸 ′ = 13.15𝑒06 𝑁/𝑚2
𝐹=

4
3

∗ 𝐸 ′ ∗ √𝑅 ∗ 𝑑3/2

On solving, 𝑑=1.8e-03 m
𝑎 = √𝑅 ∗ 𝑑

Force equation according to Hertzian Contact
Contact depth

Contact radius (here for simplicity, the contact area is considered a circle)

⸫ 𝑎 = 0.012 𝑚
𝑘 = 2 ∗ 𝑎 ∗ 𝐸′

Hertzian Contact Stiffness

𝑘 = 31500 𝑁/𝑚
Now, we need to calculate Torque over the contact area with contact radius ‘𝑎’.
𝑇𝑜𝑟𝑞𝑢𝑒, 𝑇 = 𝑇𝑜𝑟𝑞𝑢𝑒 𝑡𝑜 𝑜𝑣𝑒𝑟𝑐𝑜𝑚𝑒 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 + 𝑇𝑜𝑟𝑞𝑢𝑒 𝑡𝑜 𝑜𝑣𝑒𝑟𝑐𝑜𝑚𝑒 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑎

𝑎

𝑇 = ∫ 𝐹 𝑑𝑎 + ∫(𝜇𝑠 ∗ 𝐹) 𝑑𝑎
0
𝑎

0

𝑇 = ∫((1 + 𝜇𝑠 ) ∗ 𝐹 )𝑑𝑎 = (1 + 𝜇𝑠 ) ∗ 𝐹 ∗ 𝑎
0

⸫ 𝑻 = 𝟖. 𝟖𝟗 𝑵 − 𝒎
Thus, the theoretical value matches with the ADAMS result of 9 N-m with 0.012% error.
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APPENDIX C: STEERING SHAFT DESIGN
This appendix describes the theoretical calculation done for steering shaft stated in ‘Chapter 5.2
Shaft Design’.
The shaft was to be designed to handle torque loads of up to 10 N-m as discussed in ‘Chapter 6.2Steering Torque’. For simplicity in calculation only the diameter of pulley seat on the shaft is
considered.
According to Fatigue equation- ANSI B106.1M-1985
𝑑𝑠 ≥ (

32∗𝜂𝑠
𝜋

∗ √(

𝐾𝑡 ∗𝑀 2
)
𝑠𝑛

+

3

𝑇

1

∗ (𝑠 )2 )3
4
𝑦

For constant torque loadings

(1)

Figure 64 FBD of Bearings-Shaft Arrangement

Assuming 𝜂𝑠 = 1.0, 𝐾𝑡 = 2.5 𝑎𝑛𝑑 𝑀 = 2 𝑁𝑚
300 𝑀𝑃𝑎 (𝐹𝑜𝑟 𝑆𝑡𝑒𝑒𝑙)

and

considering

𝑇 = 10 𝑁𝑚, 𝑠𝑛 = 𝑠𝑦 =

𝑑𝑠 ≥ 6.97𝑒 − 03 𝑚 = 7 𝑚𝑚
But the shaft is to be made hollow for wire routing, ⸫𝑑𝑖 = 10𝑚𝑚
According general torsional equation and keeping the max outer shear stress constant, we get
(𝑑

𝑑𝑠

𝑛𝑒𝑤

)3 = (1 − (𝑑

𝑑𝑖

𝑛𝑒𝑤

)4 )

On solving it, we get, 𝑑𝑛𝑒𝑤 = 22.5𝑚𝑚.
Since 22.5mm is an odd size for bearing selection, we consider 𝑑𝑛𝑒𝑤 = 22𝑚𝑚 since the torque
requirement is over estimated in the ‘Steering Torque’ chapter.
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APPENDIX D: STEERING SHAFT DRAWING
This appendix includes the final shaft drawing.
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APPENDIX E: ANGULAR CONTACT BEARING
CONFIGURATIONS
This appendix describes the configurations in which angular contact bearings could be used.
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