
MASTER'S THESIS

Concept Development and Design of a
Flexible Metallic Wheel with an Adaptive

Mechanism for Soft Planetary Soils

Christian Grimm

Master of Science
Space Engineering - Space Master

Luleå University of Technology
Department of Computer Science, Electrical and Space Engineering



CRANFIELD UNIVERSITY

Christian Grimm

SCHOOL OF ENGINEERING

MSc THESIS





CRANFIELD UNIVERSITY

SCHOOL OF ENGINEERING

MSc THESIS

Academic Year 2010-11

Christian Grimm

Concept Development and Design of a Flexible Metallic Wheel with an
Adaptive Mechanism for Soft Planetary Soils

Supervisor: Dr. Kevin Hughes (CU)
Caroline Lange (DLR)
Olaf Krömer (DLR)

July 1, 2011

This thesis is submitted in partial (45%) fulfillment of the requirements for the degree of Master
of Science

c© Cranfield University 2011. All rights reserved. No part of this publication may be reproduced
without the written permission of the copyright owner.





Abstract

Within the RIMRES project, a modular reconfigurable multi-robot system is being devel-
oped, which should demonstrate key technologies required for the exploration of chal-
lenging and difficult planetary terrain, as is found at the lunar south pole. For this pur-
pose, key technologies in the area of autonomy, navigation and locomotion are being
investigated and hardware engineered with the overall aim of having a system with inter-
changeable but compatible components, connected via unique mechanical and electrical
interfaces.

This thesis was written in close collaboration with the German Aerospace Centre (DLR)
at the Institute of Space Systems in Bremen and deals with the concept development and
design of a flexible metal wheel with an adaptive mechanism for soft planetary soils.

The concept presented here builds upon the DLR wheel design developed for the ESA
ExoMars mission, which incorporated flexible metal spokes to enlarge the wheels ground
contact area. The new wheel design will be equipped with an intelligent sensor system
to monitor and characterise soil properties. Dependent upon whether the rover is rolling
over a hard or soft soil area, an integrated adaptable stiffness mechanism will then ac-
tively adjust the wheels flexibility. Equivalent to the inflation of a rubber tyre, by increas-
ing the stiffness of the wheel the rolling resistance can be minimised when running on
hard ground, whilst decreasing the wheels stiffness will maximise the tractive force when
running over soft ground.

The work of this thesis in particular, deals with the concept development of such an
adaptable system. The previous investigated ideas have been analysed in detail leading
to a better understanding of their working principles. Subsequently, a new flexible wheel
design was proposed based on the tensioned spoke wheel (bicycle wheel). With the help
of computer based finite element analysis the non-linear deformation behaviour of the
flexible elements was then evaluated.

It has been shown, that the new wheel design, with near-parabolic shaped tension blades,
permits large deflections ≥10% of the wheels diameter with low stress levels by maintain
a relatively harmonic oval shape of the wheels tread. Also simulated were cases of high
torques and side skid (driving across slopes). In each load case the wheels deformation
behaviour was analysed and cross checked from a structural mechanics point of view.
The results found with the simulation, achieving the best performance in terms of deflec-
tion distance and applied load, were then used to design and construct a new breadboard
demonstrator wheel, which will undergo extensive testing at DLR in the forthcoming
months.
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PREFACE

Preface

B efore I start the technical part of this thesis, I would like to make a couple of state-
ments in order to explain how this paper came into existence. The work presented
here, is a final image of my work and study over the past 2 years. Having finished

my bachelor degree in 2009, I was on the verge of starting a job in industry, when I was
encouraged by the people I talked with during this time to continue to a higher degree
with the SpaceMaster Program. As it reflects my own perception from the experiences I
made over the years I have spent in university, and because it fits well to the project of
this thesis, there is a special quote I would like to mention which was originally delivered
by John F. Kennedy at Rice University in Houston, Texas on September 12, 1962.

"We choose to go to the moon..., we choose to go to the moon in this
decade and do the other things, not because they are easy, but because they
are hard, because that goal will serve to organize and measure the best of
our energies and skills, because that challenge is one that we are willing to
accept, one we are unwilling to postpone, and one we intend to win, and the
others, too."

This might have been directed to the space race at that time, but in general, it speaks to
every single person who is willing to accept a personal challenge and to have the courage
and ambition to do the very best to achieve the desired aim. "Not because it is easy, but
because it is hard."

And doing the SpaceMaster program was indeed a challenge, bringing together students
not only from Europe, but from all over the world. It is essential in our business to collab-
orate with many people from different technical, as well as different ethnic backgrounds,
and trying to figure out the best ways to overcome personal endeavours and working in
unity, was one of the major challenges during this time.

Looking back, I personally think that having "shared objectives" and "a common goal" is
not only the key to achieve a specific problem but also the way to accomplish the goals
of tomorrow!

Another quote I came along during this time was made by Anthony J. D’Angelo, who
has done a lot of work in motivating young adults in higher education.

"Don’t reinvent the wheel, just realign it."

Christian Grimm - Cranfield University i



PREFACE

First of all, it should be a general piece of advice specifically for engineers. Before invent-
ing a completely new idea, take a look around and maybe find a pre-existing approach to
develop further or to transform to the question at hand. One could argue that this is the
very baseline of human development and evolution. Thanks to the work of our ancestors,
we enjoy the comforts of modern life. And hopefully with the problems solved by us,
our descendants will be able to explore new worlds and uncover even bigger questions.

Secondly, this quote summarises much of the work of this thesis. The idea of a metal-
lic flexible wheel with its current ExoMars design was combined with the concept of a
bicycle wheel, which in itself can be viewed as a masterpiece of the engineering work
of the past century. The interesting thing about the bicycle wheel is that it was actually
an unorthodox idea, carrying a compressive load with an element (a wire or a long thin
rod) which only supports loads in tension. Invented around the 1870’s, the load carrying
mechanism of a tensioned spoke wheel is today not only used on bicycles, motorcycles
and cars, but also on the massive constructions of Ferris wheels. The original Ferris
Wheel (1893) was in fact the first to use the bicycle principle on such constructions.

In terms of planetary rover technology, the result of combining a flexible metal wheel
with the tensioned spoke principle is a wheel capable of large deflections and carrying
at the same time high loads by maintaining relative low stress levels in the material. In
addition, the new design leaves enough space in order to accommodate the envisaged
electromechanical system to adjust the wheels flexibility, which will be of great interest
for future modular systems.

But enough of the chit chat, let us begin.

July 1st, 2011

Christian D. Grimm
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Roman Letters

Symbol Name Symbol Name

A Area c Soil cohesion
D Diameter (wheel) Characteristic spring constant
E Modulus of elasticity b Width

Energy d Diameter (hub)
F Force Distance
G Shear modulus g Gravity acceleration
H Tractive force Air gap
I Second moment of area h Hight

Electronic current kϕ Frictional soil modulus
K Effective length factor kc Cohesion soil modulus
L Length l Length

Inductance lt Contact length
M Moment m Mass
N Number n Soil deformation exponent
P Power Number
R Resistance pgr Ground pressure

Reaction force Equivalent Stiffness
S Slippage r Radius

Rod (Stab) Element length
T Torque s Slope/Curve length
W Wheel load t Thickness

u Displacement in x-direction
v Displacement in y-direction

DP Drawbar Pull w Beam deflection
FS Factor of Safety z0 Sinking coefficient
FG Total System Mass
Fs Side skid force
Rm Tensile strength

Rp0.2 Yield strength
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SYMBOLS

Greek Letters

Symbol Name

φ Internal friction angle
κ Soil shear def. modulus
τ Shear strength

Shear stress
σ Normal stress
σv Von Mises stress
σy Yield stress
γ Shear strain
ε Normal strain
η Efficiency
ω Angular velocity
δ Wheel deflection
ν Poisson’s ratio

Speed
µ0 Absolute permeability
µs Friction coefficient (static)

Indices

Symbol Name Symbol Name

M Momentary adj Adjusted
N Nominal bs Bump stop

cat Catenary
b Bulldozing eqs Equivalent system

Blade gr Ground
Bending is Inner spoke

c Compression mv Measured value
e Element os Outer spoke
f Field seg Segment
g Gravity

Grouser
h Hysteresis

Hub
Half

r Ring
s Spoke
w Wheel
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1. OVERVIEW

1
Overview

This master thesis was written in collaboration with the German Aerospace Centre (DLR)
at the Institute of Space Systems (IRS) in Bremen as a contribution to the Reconfigurable
Integrated Multi-Robot Exploration System (RIMRES) project, which is currently being
undertaken in close cooperation with the German Research Center for Artificial Intelli-
gence (DFKI) and the Center of Applied Space Technology and Microgravity (ZARM).
The following describes the overall project goals and the distribution of development
tasks between the collaborating partners.

1.1 Motivation

Within the RIMRES project, a modular reconfigurable multi-robot system is being devel-
oped, which should demonstrate key technologies required for the exploration of chal-
lenging and difficult planetary terrain, as is found at the lunar south pole. For this purpose,
key technologies in the area of autonomy, navigation and locomotion are being investi-
gated and hardware being engineered, with the overall aim of having a system with inter-
changeable components, connected via unique mechanical and electrical interfaces. The
demonstrator which is to be built, shall realise the basic functions of a typical exploration
system, i.e. providing locomotion, energy supply, data handling and the performance of
scientific investigations. In addition, the system shall be designed to be reconfigurable,
i.e. being able to adapt its configuration to undertake urgent tasks and changing environ-
mental conditions. This adaptabilities will be achieved via a two-robot team, consisting
of a rover and a scout, both of which are equipped with the aforementioned mechanical
and electrical interfaces for configuration change.

The rover in Figure 1.1 is being developed by DFKI as the prime contractor. DLR
provides the wheel design, drawing upon many years of experience in the development
and testing of flexible wheels, examples of which are used on the ExoMars Rover to
be launched in 2018. The goal of the wheel development within the RIMRES project
is based on the overall project objective of being reconfigurable/adaptable. Thus, an
intelligent wheel has been proposed, which will allow an effective, flexible and robust
locomotive performance of the rover whilst taking into consideration the minimisation
of energy consumption and the maximisation of tractive force for varying system masses
and soil conditions.
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1. OVERVIEW

Figure 1.1: The rover for the planned Reconfigurable Integrated Multi-Robot Exploration System (RIM-
RES) showing the rovers principle of a 4-legged walking excavator. The manipulator arm
on top of the rovers body is used to place the different payloads, which are enclosed in stan-
dardized module packages, on and off the rover for transportation. Underneath the rover a
6-legged walking scout is carried, which is able to detach itself to autonomously investigate
areas of rough terrain or slopes with high inclination. (Credit: DFKI)

1.2 Objectives

The main objectives and tasks of this master thesis were outlined as follows:

• To define requirements for the stiffness adaptation mechanisms.

• To assess the previously investigated options for variation of the wheel’s stiffness.

• To develop (if necessary) a new design of a flexible metal wheel, including the
design of the spokes and the concept of an adaptation mechanism.

• To perform a detailed mechanical design of the wheel and the adaptation mecha-
nism, using required engineering methods.

• To produce 3D models, 2D production drawings and undertake the selection and
purchase of components.

• To document all work to the appropriate standard (e.g. by means of requirements
or system design documents as well as a final thesis report).
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1.3 Report Organization

To structure the work and to make it convenient for the reader, this report is organized in
three parts.

1. Introduction − Overview and background information

2. System Design − The engineering work of this thesis

3. Conclusions − Results, discussions and conclusion, list of used references

The first part "Introduction" provides an overview of the project and this report. The
scientific background is outlined to give detailed information concerning robotic rover
exploration in general as well as information about wheel-soil interactions, which form
the baseline for the later system design.

The second part "System Design" shows the main work of this project, and deals with the
development and design of the flexible metallic wheel and the adaptation mechanism to
adjust the stiffness for locomotion on soft planetary soils. The procedure used is stated,
leading to a first concept trade-off where the previous work is reviewed in detail and crit-
ically analysed, before providing a final recommendation which concept to pursue for
detailed design and manufacture. Here can also be found the FE analysis for the new
wheel design.

Part three "Conclusions" summarises the results obtained during this work. The discus-
sion relates the objectives of the project to the reviewed literature and lists the achieve-
ments of this thesis. The report is then concluded with a final statement.
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2. SCIENTIFIC BACKGROUND

2
Scientific Background

This chapter provides background information in regards to terrestrial locomotion princi-
ples and their affect on robotic locomotion. A short summary of past and future planetary
rover missions is given with a special focus on the technology of the rovers locomo-
tion systems. Furthermore, the difference between rigid and flexible wheels is outlined
explaining the effect of how these wheels interact with the soil.

2.1 Terrestrial Locomotion

If one is being asked to name the most dominant type of locomotion on land, the answer
would unquestionable be the rolling motion of a wheel. The concept of land locomotion
was not invented by mankind, however, but materialized through nature in many forms.
Most interestingly though, with the exception of the wheel!

Through evolution, nature has developed different types of locomotion on land, includ-
ing crawling, sliding, running and jumping. The concept of walking, though similar on
first glance to running, might be seen as entirely different. For running and jumping, a
simplified pattern could be compared to a multi-joint pendulum. The pattern of walk-
ing, however, is more closely related to the mechanics of a rolling polygon, in which the
length of the polygons sides equal the step length of a walking person (Figure 2.1). The
smaller the step size, the shorter the side length of the polygon. So it could be concluded
that the biped nature almost ideally approached the concept of a wheel [1].

Nature perfected the walking mechanism, which is superior in soft soil conditions to
a pneumatic tyre. Nevertheless, the wheel has become the universal means of locomo-
tion in the human world, because of its overall efficiency and relative simplicity. For this
reason, the first form of robot locomotion, even for semi-rough terrain, has been focused
on the use of wheels.
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2. SCIENTIFIC BACKGROUND

Figure 2.1: Types of animal locomotion depending on the type of mechanism used. Locomotion through
running and jumping, or the swinging action of extremities, may be compared to a multi-joint
pendulum. Sliding and crawling involve the oscillatory movement of the driving elements in
the plane of translation. Walking, in an extreme case, may be compared to the rolling of a
rimless wheel, with the legs (spokes) supporting the load. (Reproduced from [1])

2.2 Rover Wheels in Space

A rover, which could also be termed as an off-road or cross-country vehicle, is generally
used in areas with rough terrain, steep slopes and no dedicated driving paths. As for
robotic rovers, they are designed particularly to explore undiscovered ground. On Earth,
robotic rovers are used primarily in situations were a place is not accessible for a human
body (e.g. inspecting pipes) or if it is thought to be too dangerous for humans (mined
areas). This in particular, makes them also extremely valuable for planetary and lunar
exploration, opening the possibility to get a first impression of the probable hostile envi-
ronment, performing basic measurements and validating the possibility for later human
exploration.

Different locomotion principles for movable robots have been proposed and studied over
the last few decades. A state-of-the-art survey, conducted in 2010 by the DLR Institute
of Robotics and Mechatronics in Oberpfaffenhofen [2], listed the most eminent forms
and compared them against each other based on selected parameters, including, amongst
others, slope climbing capability, energy consumption and technology readiness level
(TRL). The results showing the advantages and disadvantages of the considered systems
can be seen in Table 2.1.

According to this survey, the locomotion system that is the least complex, most reliable
and with the highest energy and cost efficiency is a wheeled system. For these reasons,
all rover missions in space, so far have used wheels. And future missions will continue to
use wheeled systems unless an alternative is required for a specialised task. In light of the
RIMRES project, it should be noted that a hybrid system which combines the advantages
of two systems whilst at the same time minimising or canceling the disadvantages of the
other, would be the most optimal solution.
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Table 2.1: Advantages and disadvantages of robotic mobility systems for space applications. (Reproduced
from [2])

System Advantages Disadvantages

Wheels • Better speed in even terrain • Relatively low slope climb capacity due to
• Simple and mature technology wheel slippage
• Adequate redundancy (mobility) • Obstacle traverse capability relatively low
• High payload capacity compared to other concepts
• Relatively low power consumption

rates and energy efficient

Tracks • Good terrain capability • Inefficient due to friction of tracks
• Technology well understood in • Low speed operation

terrestrial applications • Slip turning and friction
• Better traction capability on loose soil • Low redundancy, jamming of parts and prone
• Handles large hinders, small holes, to failure

ditches better
• Good payload capacity

Legs • Highly adapted to uneven terrain and • Mechanically complex (Control of walking)
hence better obstacle and slope traverse • Slow mobility
capability • Impact after each step

• Poor payload weight-to-mechanism weight ratio

Hoppers • Better obstacle traverse capabilities • Impact during landing after hopping, large
• can enable large scale exploration due risk of failure

to better speed

Hybrids • Shares the advantages of two • More complex
locomotion concepts • Low technology maturity

2.2.1 Lunokhod

The first mobile vehicle on the surface of a planetary body other than the Earth was the
unmanned and remotely controlled lunar rover Lunokhod 1 (Figure 2.2) launched and
operated by the Soviet Union in 1970/71. It was followed two years later by a second,
nearly identical vehicle, Lunokhod 2. Both rovers were comparatively large with masses
above 700 kg and a length and height of 2.2 x 1.4 m. The rovers activities included high
resolution TV imaging and lunar soil analysis [3].

Although the name translates to "moon walker", Lunokhod was an 8-wheeled rover. Each
of its rigid wheels, 510 mm in diameter and 200 mm in width, was independently con-
trollable allowing for skid steering usually employed by terrestrial tracked vehicles. This
was adopted for simplicity reasons and in order to achieve an almost 0-degree turning ra-
dius [4]. The wheels featured a steel wire mesh as the running surface and three titanium
rings interconnected by titanium grousers to enhance tractive performance. Bicycle-like
steel spokes connected the rim to the hub making the design very strong and stiff whilst
also being very lightweight [5].
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Figure 2.2: Left: Lunokhod series Soviet Moon exploration robot vehicle. Right: Lunokhod wheel. (Cour-
tesy Lavochkin Association)

2.2.2 Modular Equipment Transporter

The first American wheels to touch the lunar surface were, strictly speaking, not part
of a rover. The Modular Equipment Transporter (MET) shown in Figure 2.3, was an
un-powered, hand-drawn rickshaw-type cart, which was used by the astronauts on the
Apollo 14 mission in early 1971 to carry the various geology tools, instruments and lunar
samples. The 2-wheeled trailer, equipped with a pulling handle and two resting posts,
was able to support up to 75 kg of extra load and is to this day the only planetary mobile
vehicle to have been equipped with a pneumatic rubber tyre [4].

The wheels had a diameter of 400 mm and 100 mm width when unloaded. Filled with dry
nitrogen gas, the inflation pressure relative to the surrounding vacuum was 0.1 bar. The
tyres were designed to have a smooth surface and did not require a tread or grousers due
to the fact that no driving torque needed to be transmitted [4]. The design of rubber tyres
is also viable in a vacuum but requires a demanding development process to ensure that

Figure 2.3: Left: A prototype of the Modular Equipment Transporter used by the Apollo 14 astronauts
during their geological and lunar surface simulation training in the Pinacate volcano area of
northwestern Sonora, Mexico. Right: MET wheel by Goodyear. (Courtesy NASA)
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the predetermined desired inflation pressure, which critically determines tyre deflection
under load and thus ground contact and sinking, is achieved in operation [6]. Plastic
materials have, however, the drawback of higher degradation due to high temperature
gradients, solar and cosmic rays and the phenomenon of out-gassing in vacuum.

2.2.3 Lunar Roving Vehicle

The Lunar Roving Vehicle (LRV) shown in Figure 2.4, used during the American Apollo
missions 15, 16 and 17 between 1971 and 1972, was the first and so far only manned
planetary rover ever developed. It served to carry the crew of two astronauts with their
associated gear, including their space suits, dedicated geology equipment and samples.
The intention of the LRV was to allow long distance travel for an area-wide exploration
around the landing site.

Figure 2.4: Left: Lunar Roving Vehicle photographed alone against the lunar background during Apollo
15. Right: LRV wheel. (Courtesy NASA)

All four wheels of the LRV were driven individually by a DC motor/harmonic drive gear
combination allocated within the wheel hub. The wheels were constructed out of a rigid
wheel disc surrounded by a fabricated steel wire mesh. The undeformed diameter of the
wheel was 810 mm which was deflected by 75 mm under the lunar wheel load, but at
higher loading conditions (e.g. running against rocks), the tyre was able to deflect all the
way to an internal titanium bump stop [7]. The LRV wheel design represented a flexible
wheel concept imitating the deflection capabilities of a pressurized rubber wheel allowing
deformation under loading and therefore increasing the contact area on the ground. This,
and the flat chevron-shaped titanium cleats covering the wire mesh improved tractive
performance on the uneven lunar terrain (see Section 2.3).

2.2.4 Microrover Flight Experiment

After the Moon had been explored to some extent, the next point of interest was our
neighboring planet Mars. The Mars Pathfinder mission was originally developed to in-
clude the means of a mars sample return to study soil properties here on Earth. Due to
cost reductions, however, this was reduced to an one way mission only, but including the
instrumentation to perform simple in-situ measurements to examine the chemical compo-
sition of the Martian rocks. The Microrover Flight EXperiment (MFEX), later renamed
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Figure 2.5: Left: The Sojourner rover at the end of its assembly and before integration to the main
Pathfinder spacecraft. Right: Sojourner wheel. (Courtesy NASA/JPL-Caltech)

Sojourner (Figure 2.5), touched down in the summer of 1997 and became the first mobile
vehicle to operate on the Martian surface. The technology pioneered by Sojourner would
be adopted by many successive missions.

When deployed the rover was 650 mm long, 480 mm wide and 300 mm tall with a ground
clearance of 130 mm. The total mass was approximately 10.5 kg. With the rocker-bogie
suspension system, developed by the JPL, Sojourner was able to overcome obstacles as
high as 1.5 wheel diameters. The special ability of these rocker arms was that they dis-
tributed the weight of the rover equally on all 6 wheels, which harmonised the torque
transmission to the ground. The four corner wheels were steerable making it possible for
the rover to turn on the spot, which was thought to be essential for maneuvering on rocky
terrain [8].

All six wheels were driven individually by an actuator (brushed DC motor & plane-
tary gearbox) installed in the hub of the comparably wide wheel, having a diameter of
130 mm and a width of 80 mm. The wheel design was cylindrical, structurally closed and
rigid with sharp, parallel cleats attached to the rim improving grip on rocks and tractive
force on soft soils [9].

2.2.5 Mars Exploration Rovers

The next expedition to the red planet were the Mars Exploration Rovers (Figure 2.6),
Spirit (MER-A) and Opportunity (MER-B), which were basically scaled up versions of
Sojourner. The rovers were 2.25 m wide, 1.5 m long and 1.5 m tall, including the de-
ployed solar panels and camera mast. The total mass was approximately 180 kg each.
Like Sojourner, they utilised a rocker-bogie suspension system and a 6-wheel drive with
the four corner wheels being steerable.

Both rovers landed, 3 weeks apart from each other, in January 2004 and had the primary
objective of performing field geology on Mars, along with traverses of up to 1 km over
a period of 90 Martian days. Both rovers, however, exceeded the planned mission time
by far, living through some difficult problems (see Section 2.3.3). With Opportunity cur-
rently still operational, the two rovers have covered a combined distance of more than 37
km (as of May 2011) [10].
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Figure 2.6: Left: Researchers at JPL simulate the conditions faced by the rover Spirit on Mars, where it
was stuck in loose soil, to find the best way to help free it. Right: MER wheel. (Courtesy
NASA/JPL-Caltech)

The wheels of the MER’s were of a rigid design with a diameter of 250 mm and a width
of 160 mm. The spiral-like structure connecting the tyre to the hub served to absorb
shocks when driving against rocks or dropping down steps. A particular design feature
of the wheels were the curved running surfaces, in order to accommodate the steering
actuators within the wheel envelope. In expense of mobility performance, the cleats on
the wheels were shallow with no sharp edges, a design compromise required to lower the
risk of the wheels picking up lander airbag material [11].

2.2.6 Mars Science Laboratory

The Mars Science Laboratory (MSL), shown in Figure 2.7, more commonly known as
Curiosity, is the next step of NASA’s Mars Exploration Program and scheduled for launch
at the end of 2011. With the size and weight of a medium size car (3.0 x 2.7 x 2.1 m;
900 kg) and currently being built at the Jet Propulsion Laboratory in California, the focus
for this mission is to study Mars’ habitability [12].

Figure 2.7: Left: Curiosity passes an agility test by successfully navigating a set of ramps. Right: MSL
wheel. (Courtesy NASA/JPL-Caltech)

The tubed suspension arms, forming again a rocker-bogie chassis, are made of titanium
while the tyres themselves are manufactured out of aluminum. The shell of the tyres
is a piece of machined aluminum equal to the thickness of 7 pieces of paper, making
them soft and springy, and giving them an equivalent behaviour to rubber tyres [13]. The
wheels have a diameter of 510 mm and a width of 300 mm featuring shallow grousers and
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visual odometry markers (holes in the tyre) leaving a specific pattern in the wheel track,
which can be captured by a camera making it possible to measure the driving distance
and to compare it with the distance measured by the driving motors. This is planned
as a precaution in order to "foresee" situations where the rover might get stuck in loose
sand [13].

2.2.7 ExoMars

The European Space Agency has demonstrated with great success its ability to develop
and operate complex space missions. As such, hopes are high for ExoMars, the first flag-
ship mission of the European Aurora Exploration Program, with the first phase planned
for launch in 2016 (orbiter and lander). It has the primary objective to search for signs of
past and present life on Mars.

Figure 2.8: Left: ExoMars rover Phase B2 concept. (Credit: ESA) Right: Test of ExoMars Rover loco-
motion system by RUAG Space in Zürich. (Credit: RUAG)

The second phase of ExoMars, planned for launch in 2018, incorporates the ExoMars
rover (Figure 2.8), which draws upon the experience of the American Mars rovers, but
represents capabilities not previously flown on any other Mars mission, e.g. sub-surface
sampling (drilling) to characterize the water and geochemical environment [14]. The
rover, with a footprint of approximately 1.6 x 1.2 m [15], will also have a 6-wheel drive
and a "double" rocker-bogie suspension system. The total system mass is currently down-
sized to approximately 200 kg (previously 300 kg). The unique feature of the locomotion
system is an all-metal flexible wheel, which deforms under the rovers mass and due to
differing soil conditions (hard rock or loose sand). This, in turn, will dramatically in-
crease the rovers motion performance (see Section 2.3). The wheels have a diameter of
250 mm and a width of 100 mm with the rigid aluminum hub connected via three paral-
lel rows of flexible steel bands, allowing the also flexible rim to deflect like a pneumatic
tyre. Grousers, manufactured out of titanium, on the running surface and fins on the side
improving climbing ability and skid stability. Two bump stop discs in the centre of the
wheel, similar to the one in the LRV wheel, will protect the flexible elements from over-
deflection [16].

This flexible wheel design, explained in more detail in the following section, represents
the underlying baseline of the concept and design ideas mentioned in later chapters.
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2.3 Wheel-Soil Interaction

2.3.1 Soil Mechanics

The principles of soil mechanics are based on the models first proposed in 1956 by M.
G. Bekker [1]. He was concerned with developing mathematical models to describe the
motion of rolling vehicles interacting with the driving surface and to define parameters
to specifically classify soil properties. In his research, he characterized soil behaviour by
a set of 6 parameters listed in Table 2.2.

Table 2.2: Set of soil parameter identified by Bekker

Parameter Property
c Soil cohesion
φ Internal friction angle
kϕ Frictional soil modulus
kc Cohesive soil modulus
n Soil deformation exponent
κ Soil shear deformation modulus

With these parameters it is possible to calculate and therefore predict the performance of
different rolling systems. The behaviour of the soil to the vertical load is given by n, kϕ
and kc, whereas the reaction due to horizontal shear stress is given by c, φ and κ. Thus,
when all the values are known the ability of a soil to support a vehicles weight and to
develop tractive effort can be defined. From the Mohr-Coulomb relation, we can describe
the correlation between normal stress σ and shear strength τ as

τ = c + σtanφ (2.1)

where c is again the soil cohesion, which is the soils component of shear strength that is
independent of inter-particle friction φ. It can be caused by electrostatic forces, cement-
ing or root cohesion. Through the Bernstein-Bekker equation

Hmax = Ac + Wtanφ (2.2)

the maximal tractive force Hmax can then be calculated. Where A is the contact area of the
wheel on the ground and W is the load onto the wheel. The propelling force, also called
the Drawbar Pull DP of a powered system, which is effectively transfered to the ground,
is given by the difference of driving force H and the sum of the driving resistance R [17],
depending on soil properties and more specifically on the type of wheel used .

DP = H −
∑

R (2.3)

As explained previously, the energy consumption of the rover is a vital factor, as this
determines the range a mobile system can travel before recharging. The energy efficiency
is also a measure for the dimension of the systems batteries. The more efficient, the
smaller the batteries for an equivalent journey and the more room is available for the
scientific payload.
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The drawbar pull is a good measure by which to determine the capability of a specific
system to move over the ground, but to measure the systems efficiency the driving torque
T must be taken into account, which defines the force used under a specific momentary
condition. The overall efficiency of the drives η is then defined by the shaft power Pout

over the electric power into the motor Pin. This can be rewritten in terms of the wheel
parameters drawbar pull and driving torque as

η =
DP
T

(2.4)

2.3.2 Rigid vs Flexible Wheels

Rigid wheels have been in use since the very concept of the wheel came into existence.
Before dedicated roads were available, they were also used on unprepared ground (e.g.
horse-drawn carriages moving along loose country roads). At the end of the 19th century,
wheel design began to be influenced by the idea of ride comfort, which was judged impor-
tant from the passengers point of view. Today, the pneumatic tyre is used for road vehicles
as well as for off-road vehicles, as these allow for compensation of rough surfaces and
reduce shock loads when running against obstacles. As can be seen in Figure 2.9, flexible
wheels deform due to the load, leading to an increased contact area and are sinking less
into the ground.

Figure 2.9: Left: Schematic view of the contact contour between rigid wheel and soft soil. Right:
Schematic view of the contact contour of an elastic wheel operating on a soft soil surface [18]

To build on the foundations established by Bekker, a great number of investigations at-
tempted to describe the motion of flexible wheels on hard and soft soil conditions. Specif-
ically the work done by J. Y. Wong in 1978 must be mentioned, where he specified the
behaviour of pneumatic tyres in terms of the filled air pressure, which can be varied and
therefore lead to different deformations under loading. This varying parameter in fact,
can be compared to the stiffness of a mechanical spring, where the characteristic spring
constant c depends on the material properties. Hooke’s law of elastic deformation gives
then the amount of deformation of an elastic body by the load W over the resulting de-
flection δ.

c =
W
δ

(2.5)
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Figure 2.10: Simplified schematic of a flexible wheel pressing on soft soil. The deflection of the wheel
is given by the spring equation (Hooke’s law). The ground patch can be calculated by the
resulting trigonometric function for the side length lt and the wheel width b leading to the
equivalent stiffness of a flexible wheel (Equations 2.6 to 2.9)

The contact or ground pressure pgr of the wheel pressing on the ground is defined by the
load over a certain area, which can be stated as

pgr =
W
A

(2.6)

where A is the rectangular contact patch of the wheel with the width b and side length lt.

A = b · lt (2.7)

This side length can be derived through trigonometric relations as seen in Figure 2.10.

lt = 2
√
δ (D − δ) (2.8)

where δ is again the deflection derived from Equation 2.5. Substituting this into the above
equation for the ground pressure yields an expression in terms of a given wheel load W,
its diameter D, width b and its relative compression rate c. This relation is then called
the "equivalent stiffness" of a flexible wheel [4], whereas a rigid wheel (infinite c) would
lead to maximal ground pressure.

pgr =
W

b · 2 ·
√

W
c

(
D − W

c

) (2.9)

In other words, an increased contact patch lowers the ground pressure, which in turn
causes the wheel to sink less into the loose soil. Figuratively speaking, by deflating the
systems wheels the rover will float atop a patch of loose soil.
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Wong additionally listed in [17] the requirements that pneumatic wheels have to meet
nowadays, which can be used as a baseline for developing new flexible wheel designs.
These include:

• Supporting the weight of the vehicle

• Cushioning the vehicle over surface irregularities

• Providing sufficient traction for driving and braking

• Providing adequate steering control and directional stability

Recalling Equation 2.3, one can see that the need to increase the tractive force and to re-
duce motion resistance is of great concern, as this determines the efficiency of a wheeled
system. Friction is necessary to transfer the torque to the ground. If zero or insufficient
friction is present, the wheel will slip and the applied torque will not be sufficient to pro-
pel the vehicle forward. Slippage S is measured in percentage of the rotating speed of the
wheel in relation to the speed of the wheels axle moving along the direction of motion
(Equation 2.10) [19],

S =
ω · r − ν

ν
(2.10)

where ω is the rotational speed of the wheel, r is the wheels radius and ν is the vehicles
speed over ground. To reduce slip and to improve traction of a powered wheel so called
"grousers" can be added around the wheel tread, which dig into the ground and give a
certain amount of grip (Figure 2.11). This in particular, is very important when driving
on hard surfaces or climbing over rocks.

On the other hand, to reduce the motion resistance acting while driving, one has to sepa-
rate first the different effects producing this opposing force. According to Bekker [1] and
Wong [17], the total resistance of an actuated wheel is the sum of four contributions.

Figure 2.11: Schematic view of a wheel with grousers digging into the ground giving some additional
traction. (Reproduced from [17])
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• The bulldozing resistance Rb resulting from displacement of the soil in front of the
wheel.

• The compaction resistance Rc resulting from compaction of the soil under the wheel.

• The hysteresis resistance Rh due to the deflection of the wheel.

• The gravity resistance Rg resulting from the the downslope force when driving on
sloped terrain.

From Equation 2.3 then follows for the drawbar pull

DP =
(
Hmax + Hg

)
−

(
Rc + Rb + Rg + Rh

)
(2.11)

where Hg is the additional tractive force gained by the grousers. The contributions of the
resistance to motion are usually empirically measured in experiments, but they can also
to some extent be predicted via mathematical models. The Tractive Prediction Model
(TPM) is an in-house development by the DLR Institute of Space Systems in Bremen,
where the classical Bekker theory has been extended using the basic principles stated
above as well as the analytical models of the resisting forces from [17] to calculate ap-
plicable parameters such as torque, drawbar pull, sinkage etc. for planetary roving vehi-
cles [20].

Figure 2.12: Top left to bottom right: Russian spiral spring concept by Markow 1963 [5]. Hoop
spring concept by Bendix 1965 as an alternative for NASA’s LRV [21]. Cylindrical spring
concept by DLR 2002 for the ocean floor vehicle "MOVE!" of the University of Bre-
men/MARUM [4]. Toroidal coil spring concept by DLR 2006 [4]. Waved spring concept
by DLR 2006 for the ExoMars chassis demonstrator "Bridget" [4]. Shear beam concept by
Michelin 2008 as a proposal for the next lunar wheel [22].
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Although currently designed NASA Mars rovers (refer to Section 2.2.6) do not have
flexible tyres, more advanced designs try to take into account the advantages offered by
elastically designed wheels. A collection of such designs is shown in Figure 2.12, with
each concept having its own characteristic, depending on the materials used and more
importantly on the structure and composition of the flexible spokes.

Interesting to note is the flexible wheel design by Michelin (Figure 2.12 bottom right)
first introduced in 2005 [22], comprising of composite materials where a "shear beam" is
sandwiched between two inextensible membranes. This concept takes advantage of the
"top loader" design, where the most prominent example is the tensioned spoke or bicycle
wheel. As this information will be of interest in a later chapter of this thesis, it will be
explained briefly in the following paragraph.

Rigid wheels, in this context called bottom loaders, support their loading by direct com-
pression from the contact area to the wheel hub. Here, only a small part of the structure
beneath the hub carries the load, leading to an overall poor efficiency in terms of load
capacity per unit mass. The tensioned spoke wheel, however, reduces the spoke tension
locally by a small deformation of the rim due to the contact pressure. In doing so, the
load is distributed almost equally along the arc of the wheel above the hub. The whole
structure now carries the entire load and as such increases greatly the load capacity per
unit mass of the wheel. A pneumatic tyre is also a top loader, as it mimics the load-
carrying mechanism of the tensioned spoke wheel by the inflation pressure of the carcass
cords. The gain in load capacity per unit mass is similar to the tensioned spoke wheel,
but in addition it allows for greater deflections. The top and bottom loader concepts are
depicted in Figure 2.13.

Figure 2.13: Fundamental load-carrying mechanics of wheels. Rigid wheels carry load by direct com-
pression in the contact area (bottom loaders). Tensioned spoke wheels and pneumatic tyres
suspend the load from the arch of the wheel above the contact area due to reduction of spoke
tension in the contact area (top loaders) [22].
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2.3.3 Hard and Soft Soil Conditions

As ground conditions change, the performance of a rigid or flexible wheel changes also.
On hard surfaces such as roads, the rolling resistance generally decreases with increasing
inflation pressure. This, in turn, reduces the contact patch and therefore the adherence
to the ground, which can be of concern on wet and slippery roads. Additionally, with
increasing tyre pressure (stiffness) the ability to absorb shocks due to rocks or bumps
is reduced. Recalling the statements in the preceding section, on deformable surfaces
such as loose soil, a rigid wheel has a higher ground pressure and subsequently a higher
sinking rate (higher soil compaction resistance). To counteract this effect, one can either
increase the diameter of the wheel or reduce its stiffness making it more flexible (Equa-
tion 2.9). The hysteresis or deformation resistance is higher for a soft wheel than it is for
a rigid design. As these two resistances have an opposing behaviour, there exists an op-
timum stiffness for a flexible wheel rolling along a soil surface. The dependency of total
motion resistance in terms of stiffness and type of driving surface is shown in Figure 2.14.

All planetary robotic rover missions so far have incorporated a rigid wheel design. The
most successful, as widely acknowledged, is the NASA MER mission. Not only did both
rovers accomplish their scientific objectives (finding unequivocal mineralogical evidence
for the past action of liquid water of the Martian surface) but the rovers far outlived
their projected lifetimes (refer to Section 2.2.5). Because Spirit and Opportunity were
so successful, receiving also great support from the public, it was a shock when first
Opportunity and sometime later, Spirit became stuck in loose sand beds. Intensive Earth-
based physical simulations could help to disengage Opportunity, but were unsuccessful
in freeing Spirit, which is now, with several of its wheels buried in the sand, permanently
immobilized [10].

Figure 2.14: Variation of total rolling resistance with inflation pressure for pneumatic tyres on various
surfaces. (Reproduced from [17]).
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Studies at DLR have concluded, that a flexible wheel design would have performed better
in the soft soil conditions encountered by the MER rovers. Equation 2.9 shows the effect
of the ground pressure, which leads a flexible wheel on soft soils to achieve:

• An increase in transferable force between the wheel and the ground

• A strong decrease of the bulldozing and compaction resistance

• An increase in hysteresis resistance

On firm ground, however, this is an entirely different matter. Here, the sinking of the
wheel is relatively small regardless of whether the wheel is of rigid or flexible design. In
this case, the advantage of a deformable wheel to reduce the bulldozing and compaction
resistance comes less into play, whereas the hysteresis resistance is still in effect and
increases even further. Therefore, the deformation leads on hard soils to:

• An increase in transferable force between wheel and ground

• A relative small decrease of the bulldozing and compaction resistance

• A large increase in hysteresis resistance

In summary it can be said, that flexible wheels have great benefits for certain situations,
but need to be carefully evaluated as the deflection heavily affects driving ability and
efficiency. Taking into account the formulations above, Figure 2.15 shows an example
of the interaction of the different resisting forces acting on a flexible wheel when driving
over soft soil. Here can be seen, that for a given soil type there is an optimum (lowest
resistance) for the motion performance of a flexible wheel.

Figure 2.15: Interaction of the different resisting forces acting on a flexible wheel when driving over soft
soil. It can be seen, that for a given soil type there is an optimum (lowest resistance) for
the motion performance of a flexible wheel. The curves represent the soil compaction resis-
tance Rc, soil bulldozing resistance Rb, tyre hysteresis resistance Rh and their sum Rtotal (total
motion resistance) for a towed flexible wheel of 300 mm diameter and 150 mm width at a
wheel load of 120 N on a medium soft soil type as a function of equivalent wheel stiffness.
(Reproduced with permission from [4])
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2.3.4 Adaptive Wheel Design

The RIMRES project goes even further than just looking into the concept of a deformable
wheel. Unknown terrains, as will be encountered in unexplored areas of the Moon or
Mars, have the undeniable effect of being variable and unpredictable. As discussed above,
wheel performance changes significantly between hard and soft ground. To combine the
positive behaviour of both concepts, DLR is planning to develop a hybrid wheel capable
of adapting its state to the momentary soil situation. Here, a sensor system will collect
characteristic soil parameters, on which basis the on-board computer can then select the
best deformation state and initialise the necessary stiffness adjustment. This procedure
would be equivalent to the inflating or deflating of a car’s pneumatic tyre in order to in-
crease fuel efficiency.

The advantage of such an adaptive design becomes even more evident when the rover
is reconfigurable, as is planned for the RIMRES rover, where the systems mass changes
with the mode of operation. As is shown in Figure 2.16, the rolling rover is able to carry
a legged scout vehicle and additional payload packages, which when combined account
for approximately a quarter of the total rover mass (see Section 3.2). Recalling once more
Equation 2.9, a higher system mass implies a higher ground pressure. If, however, the
flexibility of the wheels could be adjusted, it would be possible to balance the higher sys-
tem mass and to achieve the same ground pressure as for lower system masses. Hence,
better overall motion efficiency.

Figure 2.16: Left: Illustration of the envisioned RIMRES system. A: Landing unit with radio module;
B: Rover with radio module and additional battery package deploys radio beacon; C: Rover
with additional battery and radio module makes use of a sampling module; D: Operating
radio module stack; E: Connected rover and scout on their way to a crater for exploration
(Reproduced with permission from [23]). Right: RIMRES scenario in an artist impression.
The rover in the foreground is about to set out a stack of two modules. The connected scout
beneath the rover analyses a small rock sample. In the background, a second scout climbs a
slope to steep for the wheeled system (Credit: DFKI).
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2.4 Summary

The principle and necessity of flexible wheels used for off-road vehicles has been stud-
ied. In particular the difference between the wheel soil interactions for hard and soft
ground conditions have shown that a carefully designed wheel concept for a given or
expected ground condition can achieve great advantages in terms of energy efficiency
and the ability to cope with rough and difficult terrains. The focus here was on previous
developments as well as current design approaches of systems for planetary surface op-
erations beyond the Earth.

The advantages of a rolling mobility system over other locomotion principles has been
presented. Specifically the current wheel design for the ESA ExoMars rover featuring
an all-metal flexible wheel and the Michelin lunar wheel utilising a shear beam concept
based on the load carrying principle of the bicycle wheel were outlined. Both designs
deform under the influence of the system mass as well as differing soil conditions.

In addition, the expected improvements in motion performance of an adaptable system
able to adjust its state to current conditions has been stated. This, in particular, is the
baseline for the RIMRES project and this thesis. The following chapters provide the
concept development, detailed design as well as the mechanical analysis of this new and
innovative wheel design.
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3
Concept Assessment

In this chapter, the previous work at DLR outlining potential concepts to adjust the stiff-
ness for the envisaged RIMRES wheel are assessed (including extending breadboard
tests) and critically analysed in terms of the effective stiffness variation, the differences of
the wheel characteristic ground contact points, as well as the overall motion performance.
This chapter is then concluded giving a recommendation for which concept to pursue to
the detailed design phase.

3.1 Baseline Wheel Design

The German Aerospace Centre (DLR) has already conducted intensive research in the
field of rover wheel development. To draw upon these experience, the all-metallic flexi-
ble wheel, shown in Figure 3.1, developed by DLR for the Bridget chassis rover demon-
strator [15] and later adopted by RUAG Space for the ESA ExoMars rover mission shall
function as the baseline wheel design. For the RIMRES project, it is planned to advance
this type of wheel to an intelligent sensor version able to collect information about the
surfaces soil properties. In addition, it shall then be capable of adjusting its flexibility to
the present ground condition.

The baseline wheel, which is available as a demonstrator at the DLR Institute of Space
Systems (IRS) in Bremen has a diameter of 250 mm and a width of 110 mm. In 2007, L.
Richter [24] recommended the cylindrical shape as the wheel of choice for the ExoMars
rover. Richter also addresses the choice of the wheels stiffness by analysing the wheels
performance through the wheel-soil Tractive Prediction Model (TPM) [4]. According to
this model, the stiffness should be selected that for all specified slopes the wheel remains
in "flexible mode" such that no bump stop contact occurs on any of the wheels. A rigid
behaviour, meaning no deflection at all, was however defined as permissible. The wheels
components and their primary function can be summarised as follows.

The flexible outer ring serves as the tread of the wheel and is the contact interface to
the ground, whereas the wheel hub is rigid and houses the harmonic gear drive of the
rover’s leg. The flexible spring elements (two outer and one inner) are made of three
parallel bands of waved sheet metal placed around the rotational axis. Each band is fixed
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Figure 3.1: Schematics of the Bridget/ExoMars wheel which will be used as the baseline wheel for the
new adaptable design. The coordinate system is defined with the origin in its geometrical
centre, the x-axis in line with the rovers motion, y-axis radially against the gravity vector and
z defines the rotational axis of the wheel. (Credit: DLR)

by six points, three on the hub and three on the outer ring, respectively, spaced equally at
120◦ intervals along the circumference. The inner band is double the width of an outer
band and is rotated by 60◦, which leads to a design comparable to a 6-spoked wheel.

Bump Stop Discs (BSD’s) are included to enable the wheel to sustain maximum im-
pact load on the flexible outer ring without collapsing. This shall ensure a non-plastic
deformation performance of the wheel along all mission phases. The bump stops are
placed symmetrically on each side in the gap between the inner and outer flexible ele-
ments. The deformable bands are fixed on the hub with rivets which take the shear loads.
Intermediary plates are used to obtain a line contact between band and hub as well as
between band and outer ring, which was considered to improve the stress distribution.

Grousers are fitted to the wheel to improve traction and hence improve the slope grade-
ability of the vehicle. Each grouser extends along the entire wheel width. This orientation
provides the required tractive effort in the direction of motion due to the shearing of the
soil at the leading edge when the grouser comes in contact with the ground during mo-
tion (refer to Section 2.3.2). Additional side grousers (not shown in the schematic), also
called fins, could be added to reduce side-slippage when driving on a cross-hill slope.

The hub, BSD’s, grousers and other fixation elements of the demonstrator wheel were
machined from Aluminum. Stainless steel was selected for the flexible bands as well as
for the outer ring due to the requirement for high durability. Table 3.1 and 3.2 summarise
the main characteristics of the baseline wheel.
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Table 3.1: Baseline wheel characteristics

Design Property Symbol Value Unit
Wheel diameter (undeflected) D 250 mm
Wheel width b 112 mm
Hub diameter dh 120 mm
Hub width bh 112 mm
BSD diameter dbs 190 mm
Designed equivalent stiffness pgr 11 kPa
Designed wheel load W 132 N
Wheel overall mass mw 1670 g
Outer ring thickness tr 0.5 mm
Spoke thickness ts 0.3 mm
Outer spoke width bos 20 mm
Inner spoke width bis 50 mm
Spoke length ls 701.52 mm
Grouser height hg 10 mm
Grouser width bg 15 mm
Number of grousers - 12 -
Number of fixation screws - 16 M3x22

Table 3.2: Baseline wheel materials as specified in [25]

Element Material Composition Euro Norm
Spokes/Bands Spring stainless steel X10CrNi18-8 1.4310
Outer ring Spring stainless steel X10CrNi18-8 1.4310
Hub Aluminum AlSi1MgMn. EN AW-6082 T6
BSD’s Aluminum AlSi1MgMn. EN AW-6082 T6
Grouser Aluminum N/S N/S
Other fixation elements Aluminum N/S N/S

Table 3.3: Estimation of the overall system mass for the RIMRES rover.

Unit Quantity Weight (kg)
Scout 1 25
Body 1 30
DLR wheel 4 5
Placing unit (rover leg) 4 27
Module package 5 5
Manipulator 1 25
Total system mass w/o scout - 208
Total system mass (FG) - 233
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3.2 RIMRES Requirements

As outlined in Section 2.3, the rover wheels build the contact interface to the ground.
Due to this reason, they will be subject to different load cases depending on the rovers
operational mode (parking, rolling and climbing). In order to be able to define possi-
ble wheel stiffening concepts and selecting a preferred one for the RIMRES rover, the
relevant requirements as stated in [26] are reviewed here.

3.2.1 Forces and Moments

Wheel Load

Table 3.3 lists the estimated mass fractions of the different system components, which
will be used as a baseline to define the load resting on each wheel. According to this,
the total system mass FG is 233 kg. Although the mission scenario foresees the rover to
operate on the surface of the Moon, the current design will be an Earth-based technology
demonstrator. With this consideration in mind, we find the equivalent force resting on
each wheel by

W =
FG · g

nw
[N] (3.1)

=
233 kg · 9.81 m/s2

4
= 571.4 N

where g is the acceleration due to Earth’s gravity and nw is the number of wheels attached
to the rover. It shall be noted, that the centre of gravity and therefore the force on each
wheel may change when single module packages are taken on or off, when the rover
drives on sloped terrain or when driving over obstacles. For the first iteration process,
however, the assumption is made that all wheels are loaded equally.

The physical dimensions of the RIMRES wheel were selected to ensure a minimum
ground clearance of about 50 mm when the rover is in its lowest possible configura-
tion and with the scout attached (Figure 3.2). The number and sizing of the grousers
were taken from the baseline wheel. A summary of the wheel dimension is provided in
Table 3.4.

Table 3.4: RIMRES wheel dimension as specified in [26].

Element Value Unit
Wheel diameter 400 mm
Wheel width 200 mm
Mounting depth 20 mm
Grouser height 10 mm
Grouser width 15 mm
Number of grousers 12 -

30 Christian Grimm - Cranfield University



3. CONCEPT ASSESSMENT

Figure 3.2: RIMRES rover lowest configuration as specified in [26].(Credit: DFKI)

Torque

Each wheel will be actuated by a harmonic drive motor of the type CSG-20-50-2UH
(see data sheet in Appendix C), which is of a compact design, featuring high torque
capabilities and having a long operating life. The nominal rated torque TN is given with

TN = 33 Nm

For the reason that the wheel collides with an obstacle or is jammed (step down manoeu-
vre) will be part of the rovers operation, which may increase the momentary load on the
wheel, for stress analyses we will use the maximum momentary peak torque TM of the
drive unit

TM = 127 Nm

3.2.2 Wheel Operation Mode

The soil type and terrain conditions the rover will be tested on were proposed by DFKI
with a loose sand/rock standard area, a section with soft quartz sand, another one filled
with a lunar regolith simulant, lowlands with defined crater slopes and a high plateau
with an obstacle course [27]. As it was shown in Section 2.3.3, the soil properties have a
significant impact on the deformation of the wheel. The maximum deflection will occur
on hard ground as the contact pressure reaches a maximum. For this reason, the wheels
deflecting capability will be designed to sustain "maximal nominal deflection" on hard
ground loaded with maximum system mass. Furthermore, as mentioned in [4] the wheel
shall operate in flexible mode under nominal conditions. The BSD’s shall function as fail
safe for non-nominal operation only.

This in mind, the following wheel operation modes were developed as part of this thesis
(Figure 3.3) in terms of ground characteristic (hard or soft) and wheel deflection (rigid
or flexible mode). Thanks to the adjusting capabilities the wheel will behave as a rigid
wheel on hard ground and will operate in flexible mode when driving over soft soils.
As a fail safe, when the adjustable mechanism will be non-operational, the wheel will be
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Figure 3.3: Expected RIMRES wheel operation mode. Due to its adjusting capabilities, the wheel will
behave as a rigid wheel on hard ground as this will be most efficient with respect to energy
consumption. The wheel will, however, operate in flexible mode when driving over soft soils.
As a fail safe when the adjustable mechanism will be non-operational, the wheel will be de-
signed to sustain rigid ground scenarios even when loaded with maximal system mass [28].

designed to operate in flexible mode even when driving over solid ground and loaded with
maximal system mass. This will be ensured through the design of the basic mechanical
stiffness of the wheel elements.

3.3 Assessment of Previous Concepts

The following section reviews the previous outlined concepts to adjust the stiffness of
the baseline wheel as they were proposed in [29]. These concepts, named 1, 2 and 3, are
then critically analysed and evaluated in terms of their feasibility and performance. In
the preceding work, concept 3 was selected as the concept of choice. For this reason, it
was the first to be analysed in more detail, followed by concepts 2 and 1. Therefore, the
concepts will be described here in reverse order also.
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3.3.1 Pulling Strings

Concept 3 (C3) proposes a method to counteract the deformation of the flexible spokes
using metal strings or fibres. These strings introduce a tensile force pulling the flexible
elements inwards and holding them in place. Figure 3.4 shows the pulling string concept,
the red arrows visualise the forces contracting the flexible spokes. The strings are guided
through the rim into the inner hub where they are rolled-up onto a coil, which itself
is a rotating actuator. This actuator is then used to tighten or loosen the strings, thus
increasing or decreasing the inward pulling force on the flexible spokes. It is envisaged
to use deflection rollers to guide the strings onto the coil.

Figure 3.4: Concept 3 - Pulling Strings. To vary the stiffness, the spokes are contracted by a flexible wire
coiled-up onto a central coil [29]

Experimental Testing

During the trade-off conducted in [29] this concept was found to be most promising, and
as a result was tested experimentally which will be reviewed in the following.

In the breadboard (BB) setup adjustable rod strainers, fixed with a cable tie between
the waved spokes, served as the resisting element (Figure 3.5 Left). The stiffness of the
spokes and the wheel was then measured using the in-house Bevameter (Bekker Value
Meter), which is usually used to analyse the properties of different soil types. Mounted
on a vertical rod is a metal plate introducing a defined and equally distributed force on
the soil, or in this configuration, the wheel (Figure 3.5 Right). Measured outputs are the
applied force and the distance the plate travels along the vertical direction. The specific
spring constant is then calculated using Equation 2.5.

Because of the nature of the waved spring elements, the stiffness of the wheel varies
along the ground contact points (GCP’s). This is due to the fact that the load resting on
the wheel deforms predominantly either the inner or outer spokes or the region between
them. Thus, the measurements were conducted on the 3 inner and outer spokes and the 6
regions in between respectively. Each measurement, conducted twice to ensure sufficient
accuracy, was then averaged to define the mean spring stiffness of each contact point. The
average of the GCP’s was then used to derive the specific spring constant of the wheel.
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Figure 3.5: Left: Concept 3 BB using rod strainers as the resisting element, which can be varied in length
to either contract or expand the spokes. Right: Bevameter setup to measure the wheels stiff-
ness. Note the 3 different ground contact points of the inner spoke (A), inter-spoke region (B)
and outer spokes (C).

To acquire different stiffness values the rod strainers where varied in length to either
contract or to expand the flexible spokes. The different stiffness states, according to the
varied length and the resulting equivalent wheel stiffness (ground pressure) obtained by
Equation 2.9, are shown in Table 3.5.

From these results it can be seen, that the alteration length (min to max) of the ground
pressure is 7.7 kPa at a nominal wheel load of 150 N. It can also be seen that states 2 and
3 lead to almost the same stiffness values. The inner spokes show no significant changes
between states 1 and 2. This was argued in [29] to be a problem caused by the cable ties,
which could stretch with increasing load. For this reason and the fact that the foreseen
actuator could produce a higher force to contract the spokes, it was estimated that the
maximal stiffness value lies above the presented 21.3 kPa.

3.3.2 Concept 3 - Revision

Although the presented results looked very promising, it was doubted that a practical im-
plementation of this concept would be feasible. Concerns about the systems complexity
due to the many moving parts, the probable difficult fixation of the strings to the flexi-
ble bands as well as the undefined interface through the hub and onto the coil led to the
decision to revise this concept as part of this thesis.

Table 3.5: Results of concept 3 BB testing. (Reproduced from [29])

Spring const. Spring const. Spring const. Spring const. Ground
Stiffness state outer spoke inner spoke inter-spoke region wheel press. at 150 N

[N/mm] [N/mm] [N/mm] [N/mm] [kPa]
State 1 55.12 35.46 17.67 36.08 21.3
State 2 48.01 36.48 14.65 33.04 20.4
State 3 49.99 37.74 15.34 34.36 20.8
State 4 35.25 24.06 12.09 23.8 17.4
State 0 (orig.state) 16.34 15.48 11.35 14.39 13.6
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Table 3.6: Results of the calibration and new calculation of the equivalent stiffness.

Spring const. Spring const. Spring const. Spring const. Ground
Stiffness state outer spoke inner spoke inter-spoke region wheel press. at 114 N

[N/mm] [N/mm] [N/mm] [N/mm] [kPa]
State 1 47.83 35.18 12.41 18.99 13.6
State 2 62.01 28.78 14.83 21.58 14.5
State 3 53.33 36.21 12.82 19.77 13.8
State 4 29.61 20.08 9.92 14.03 11.7
State 0 (orig.state) 13.78 13.03 9.22 11.64 10.7

Data Calibration and Stiffness Variation

The raw data used to produce the values in Table 3.5 was used directly from the output file
of the Bevameter. However, due to a calibration error the data in the output file contains
an offset and requires calibration [30]. This can be done using the calibration software
developed at DLR. It was also found, that the equivalent stiffness was computed with a
load of 150 N, despite the fact that the experiment was run with a load of only 130 N. As
a result, the previously acquired raw data was subjected to a new data reduction process.

After calibration, the applied load drops from 130 N to approximately 114 N and as a
result the overall stiffness variation decreases to 3.8 kPa (Table 3.6). The table shows also
that state 1 has not the highest stiffness value anymore, but state 2. This seems logical,
since a contraction leads to a higher stiffness (see explanation below). The equivalent
stiffness of the unaltered wheel is also close now to the designed value pgr (refer again to
Table 3.1) and only marginally lower since the applied load was lower then the designed
wheel load.

Figure 3.6: Evolution of the equivalent stiffness of Concept 3. From left to right: state 2 (65 mm), state 1
(72 mm), state 0 (no stiffener), state 3 (86 mm) and state 4 (91 mm).
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Calibration Length

A stiffness variation of approximately 4 kPa would still be a good measure, but the graph
in Figure 3.6 shows the values according to their calibration length. A negative value
represents a contraction of the flexible spokes and a positive value corresponds to an
expansion with respect to the original state (state 0). At state 1, the spokes are neither
expanded nor contracted, but hold tight in their nominal position.

Looking at Figure 3.6, it can be seen that to achieve a proportional increase from most
flexible to most stiff, one would have to start with state 0, expand the spoke to state 4,
move back to only hold the spokes in place at state 1, expand again to state 3 and finally
contract the spokes to state 2. In terms of operation, this is not a desirable behaviour.
Furthermore, a clear trend of the stiffness variation is not visible due to the small number
of data points.

Though the idea of contracting and expanding the flexible spokes to adjust the stiffness is
clear, the concept with a flexible string does not allow to push the spokes outward. Hence,
the overall stiffness variation of this concept drops to only 1 kPa (state 1 to state 2). This
excludes the jump from state 0 to state 1, which is likewise impractical as it would not be
feasible to remove the resisting wire during operation.

Difference between Ground Contact Points

As mentioned previously, the three ground contact points (GCP’s) have different stiffness
values. In [25] it was pointed out, that an "averaged" wheel stiffness is not applicable
in operation since either predominantly a spoke or an inter-spoke region will contact the
terrain. In order to have a similar deflection for all GCP’s these differences should be
kept as small as possible. The two graphs in Figure 3.7 and 3.8 show the evolution of the
stiffness difference and the progress of the deflection, respectively. The load of 114 N is
again the calibrated value from the set value of 130 N at the Bevameter.

It is visible that this method dramatically increases the stiffness difference of the GCP’s
(factor of 10). This would lead in a worst case that the wheel deforms only a little when
resting on an inner or outer spoke, while undergoing large deflection close to the BSD
when the inter-spoke region makes contact with the ground. The net effect would be a
bouncing motion of the wheel during operation.
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Figure 3.7: Concept 3 - Progress of the stiffness variation of the inner spokes (-�-) outer spokes (-^-) as
well as the inter-spoke region (-O-). The (-o-) line represents the average over one full wheel
turn.

Figure 3.8: Concept 3 - Progress of the deformation variation of the inner spokes (-�-) outer spokes (-^-)
as well as the inter-spoke region (-O-). The (-o-) line represents the average over one full wheel
turn.
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Implication on Bump Stop Functionality

As previously mentioned, the calculation of the equivalent stiffness was originally done
using a value of 150 N. After clarifying the boundary conditions to the performed test,
it was identified that the first measurements with the rod strainer were indeed performed
with a load of 150 N. This was reduced, however, due to the fact that while testing the
fixation could not hold leading to the rupture of a cable tie.

Figure 3.9: Problem of increased tensile forces at fixation points when resisting elements between the
spokes are used. In a first approximation, the spoke is simplified as a truss structure (a). The
forces in the members lead to the combined forces applied at each node (b and c).

Owing to the fact that the rod strainer prevents the spoke from deforming outward, the
force distribution can be approximated using a static approach. Here the spoke is simpli-
fied as a truss, with the curved band replaced by rods connected via nodes (Figure 3.9).

I ↙ : S 1 + W · cos α = 0 (3.2)
↘ : S 2 + W · cos α = 0 (3.3)
⇒ S 1 = S 2 = −W · cos α

II ↓ : S 4 − S 1 · sin β = 0 (3.4)
→ : S 3 + S 1 · cos β = 0 (3.5)
⇒ S 4 = S 1 · sin β
⇒ S 3 = −S 1 · cos β

Equations 3.2 and 3.3 show the forces of the members at node I, whilst the forces of the
members at node II are given in Equation 3.4 and 3.5. Assuming the force W = 150 N and
estimating the angle α = 55◦ and β = 35◦ then the horizontal components of members S 1

and S 3 will tear at the node II with a combined force of

FII = S 1 · cos β + S 3 (3.6)
= 70 N + 70 N
= 140 N
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An applied force of W = 130 N would result only in a combined force of FII ≈ 110 N.
Investigating the tensile strength of the used cable tie confirmed that rupture occurs above
30 lb (135 N), see Appendix C. The truss model is of course only a rough estimate of the
local force development at the fixation point. If one assumes the curved band behaves
like a straight rod and neglecting element masses as well as notch effects at the fixation,
then the value of the angles α and β define the total force at node II. Changing these
values can lead easily to higher forces. But it becomes clear, that the used approach, with
the cable tie fixation, can fail when the setup is applied to 150 N while withstanding a
load of 130 N.

The cable tie rupture has in fact revealed a major problem with implication on the wheels
fail safe mechanism. Though the introduced tensile force of the rod strainers is not criti-
cal in terms of deforming the spokes permanently while testing, this still increases locally
the stress on the spokes. Having an increased stress level at points, which lie well above
the bump stop, can have a dramatic effect in operation. If for example the wheel were to
be subjected to shocks, when contacting hard surfaces, the yield strength of the spokes
could be reached without the possibility of making contact with the BSD. In other words,
the bump stop would lose its fail safe function.

3.3.3 Linear Moving Pins

Concept 2 (C2) uses linear moving pins to push the contact points on the hub outwards
and so manipulating the shape of the flexible spokes (Figure 3.10). The red arrows show
the position where the force is introduced and the green bars symbolise the moving pins.
Deforming the spokes increases the internal stresses and the effective deflection becomes
smaller. This results in a higher stiffness of the wheel [29].

Figure 3.10: Concept 2 - Linear Moving Pins. To vary the stiffness, the contact points on the hub are
pushed outward in order to manipulate the shape of the spokes [29]
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During the previous trade-off study it was argued that the higher number of motors/actuators
in this concept would lead to higher energy consumption and a higher mass fraction when
directly compared to C3. Due to this assumption, it was not investigated further. How-
ever, an experimental analysis, similar to that carried out for C3, was encouraged to
confirm the theory behind the C2 design. This proposed analysis was conducted as part
of this thesis and will be outlined in the following section.

Experimental Testing

In order to move the contact points on the hub outwards, the baseline wheel was modified
so that it could accommodate long screws. These separators were then fixed both at the
side of the spokes and the side of the hub (Figure 3.11). This was done to ensure that the
bands were held tight in the desired position.

Figure 3.11: Concept 2 - Baseline wheel modification. Left: Test on the Single Wheel Testbed. Right:
Bevameter BB setup to measure the equivalent stiffness and to determine the behaviour of
the C2 stiffening concept. Note the modification of the baseline wheel with long separators,
in order to vary the distance between the hub and the flexible elements.

The test procedure as well as the calculation process of the equivalent stiffness of C2
was the same as for C3 (refer to Section 3.3.1). The Bevameter is used again to measure
the force applied to the wheel and to measure the distance of the deformed outer ring
(Figure 3.11 right)

3.3.4 Concept 2 - Revision

Stiffness Variation and Alteration Rate

The calibration length of the separators is from 0 mm (original state) to 40 mm (maxi-
mum distance reaching the height of the BSD’s). During testing, a maximum distance of
35 mm could be achieved due to limiting length of the screws/threaded bar and the lock-
ing nut. The data set displayed in Figure 3.12 shows an overall decrease in the equivalent
stiffness (point 0 to point 3), which is the opposite effect from the previous assumption.
The variation of the stiffness, is with approximately 1.5 kPa relatively small. The curve,
after reaching a minimum, makes a turn and the stiffness increases again (point 3 to
point 5). The reason for this behaviour is explained hereafter.

40 Christian Grimm - Cranfield University



3. CONCEPT ASSESSMENT

Figure 3.12: Evolution of the equivalent stiffness of Concept 2 tested with the Bevameter

To explain the effect of the decreasing stiffness, we can utilise the bending theory of
beams (Figure 3.13). The maximum deflection of a simply supported beam is given by

wmax =
F · L3

EI · 48
(3.7)

where E is the modulus of elasticity of the material and I the moment of inertia of the
beams cross section. As can be seen from this formula and Figure 3.13, the further
apart we place the supports the longer L becomes and hence much larger the deflection
for the same force. This is the same case for the manipulated spoke in C2. As the
supports are pushed outwards, they move further apart from each other. The increase
in deflection, however, is not as strong as one would expect from the theory described
above (L3). Though the bending theory of a simply supported beam is straightforward
and explains the increased flexibility, it can not be used to calculate the actual deflection
of the spoke elements. This is because they undergo large deflections, and the small
angle approximation of linear statics no longer holds. It is therefore only assumed that
due to the non-linear behaviour of the waved spokes, increasing the distance between the
supports has not such a large effect as for a straight and simple supported beam.

Figure 3.13: Theory of a simply supported beam. If the beam is loaded with a force at length L/2 the
maximal deflection of the beam centreline is given with wmax. For the same force, increasing
the distance between the supports increases wmax.
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The turn in the stiffness curve is due to a secondary effect. To explain this, one must look
not only on the centre inner spoke, which deforms due to the applied load, but also on
the parallel spokes shifted 60◦ to the left and right, as measured from the central vertical
axis (Figure 3.14).

When the separators are fully extended, the right arm of the left outer spoke and the
left arm of the right outer spoke form an almost horizontal line. When the wheel is now
loaded with a force, the centre inner spoke still wants to deform, but now the two arms
forming the horizontal line transform into tension bands, which hold the outer rim in
place. This counteracting tensile force decrease again the deflection. The same is true,
when the outer spokes serve as the centre spoke. In this case, the two arms of the left and
right inner spoke would transform into tension bands holding the outer rim in place.

Figure 3.14: Concept 2 - Secondary effect leading to the turn in the stiffness progression. When the sep-
arators are fully extended and the wheel is loaded with a force the centre inner band wants
to deform, but the outer bands are stretched and hold the ring in place. This counteracting
tensile force decrease again the deflection.

Difference between Ground Contact Points

The difference of the stiffness at the different GCP’s increases also, although not as much
as for C3. The difference remains approximately constant in the beginning, but after the
turn in the stiffness progression the difference increases slightly, which is also due to
the secondary effect described above. The following two graphs (Figures 3.15 and 3.16)
show the progress of the stiffness difference and the evolution of the deflection. The
y-axes were adjusted to match the graphs for the same effect encountered by C3 (see
Figures 3.7 and 3.8). The load of 131 N is the calibrated value from the set value of
150 N at the Bevameter.
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Figure 3.15: Concept 2 - Progress of the stiffness variation of the inner spokes (-�-) outer spokes (-^-) as
well as the inter-spoke region (-O-). The (-o-) line represents the average over one full wheel
turn.

Figure 3.16: Concept 2 - Progress of the deformation variation of the inner spokes (-�-) outer spokes (-^-
) as well as the inter-spoke region (-O-). The (-o-) line represents the average over one full
wheel turn.
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3.3.5 Radial Springs

The concept previously termed Concept 1 (C1), uses radial springs, which are placed
between the wheel hub and the outer ring (Figure 3.17 Left). These springs, according
to the required stiffness value, can be preloaded and compressed, thus giving the wheel
a higher stiffness. When reducing the load again, the springs can relax and the wheel
returns to its previous more flexible state.

The red arrows at the outer ring show the position where the load of a spring pushes
against the ring, making it stiffer. The green arrows at the hub interface are required to
be replaced by a mechanism to preload the springs. This could be done with an actuator
and a linear moving pin or screw. This concept could also foresee progressive springs,
which increase their stiffness non-linearly when compressed. In [29], progressive springs
were analysed and a possible stiffness variation from 12 kPa to 27.4 kPa estimated for the
baseline wheel design, assuming a wheel load of 150 N and a 10 mm calibration length.
It was also assumed that these springs could be continuously adjusted.

3.3.6 Concept 1 - Revision

In [29], it was questioned in what way the flexible bands and the BSD could be removed
from the baseline wheel and replaced by the radial springs in order to adjust the stiffness.
It was noted that such a design would require a new wheel development to cope with
the fact that the springs would also have to carry the shear forces, which in the baseline
wheel are carried by the spokes. It was therefore concluded, that this concept is too com-
plex and was not taken into further consideration. However, when these radial springs
are added in addition to the flexible spokes in the baseline wheel (Figure 3.17 Right) they
could be chosen in order to carry lateral forces only and to serve their main purpose to
adjust the stiffness of the wheel. Therefore, this concept was reintroduced in the wheel
trade-off and analysed in more detail (see Section 3.5).

Figure 3.17: Concept 1 - Radial Springs. Left: Waved spokes replaced with radial springs. To vary the
stiffness, these springs are preloaded through an internal linear actuator giving a defined force
on the outer ring making it stiffer [29]. Right: Radial springs in addition to the waved spokes.
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3.4 Assessment of Flexible Spokes

3.4.1 Waved Bands

During BB testing of the ExoMars Phase B1 Chassis and Locomotion Sub-System (LSS)
in 2008, with the rovers "Bradley", tested by Oerlicon Space (OSZ), and "Bruno", tested
by Macdonald Dettwiler and Associates (MDA), a phenomenon of excessive distortion of
the flexible wheel elements was reported [31]. An example of this deformation is shown
in Figure 3.18. It was also attempted to identify any possible causes for the occurrence of
this anomaly. As any deformation in either the wheel rim or the wheel spoke would affect
the wheel geometry and functionality by significant amounts, this is of vital interest.

Figure 3.18: Left: Waved spoke plastic distortion occurrence as observed on all wheels during BB testing
of the ExoMars Phase B1 in 2008. Right: Close-up on a fold location of one of the flexible
spoke elements. (Credit: Astrium UK)

As possible causes a lower grade of the used spring steel and the method of forming the
flexible lobed spokes were identified. It was also concluded that the three spoke design
may be of insufficient strength to withstand the rough conditions in off-road type terrain.
A preceding finite element analysis by OSZ in 2007 [25] had already noted that plas-
tic deformation with this wheel design could be a potential problem when the wheel is
subjected to high radial loads. It was recommended that the wheel design, the BSD in
particular, should be adjusted. This would, however, have had a negative impact on the
motion performance on soft soils, as the overall deflection of the wheel would have been
decreased significantly. After the BB distortion occurrence, further analysis looking into
the wheels behaviour during excessive torque situation, as well as the mechanical be-
haviour of the waved spoke design was undertaken at DLR.

Strain gauge measurements during a wheel torsion test in [32] depicted maximum stresses
of around 900 N/mm2 in compression and around 1860 N/mm2 in tension which, depend-
ing on the quality grade of the spring steel (see Appendix C), may well exceed the yield
limits of the spoke material. It was therefore concluded, that the step-down/up testing
performed with the LSS BB demonstrator must have stressed the wheels beyond their
design limit.
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A simulation performed shortly after, described in [33], showed also that for the spokes
with the materials and dimensions used, the critical bending radius, at which plastic de-
formation occurs, is ≤ 35 mm. The wheel design, however, including the limiting BSD’s,
was able to support a deflection down to a radius of 11 mm.

For the intention of introducing a stiffening system into the wheel, the waved spoke
design suffers from another drawback. Due to the fact, that the inner and outer spokes
are shifted by 60 degree to each other (refer to Figure 3.1), the stiffening system would
require an equally adjustment of all inner and outer spokes. To achieve this, one would
require at least 9 separate actuators (3 for the inner and 6 for the outer spokes) to imple-
ment a spring system as proposed for C1. This shift would be even more profound, when
using only one central actuator inside the hub transferring a rotary into a linear motion,
as was proposed for C2 and C3 (refer to Section 3.3.1 and 3.3.3). This would require
the accommodation of all 9 manipulation points around the central element in one single
system.

In summary, the waved spoke design is prone to plastic deformation due to both radial
load cases as well as excessive torque. Thus, it can be concluded that this design, in com-
bination with low quality spring steel, can neither support large radial deflections nor the
acting shear forces due to the driving torque. In addition, including a stiffening system
between the waved spokes would most likely result in a complex and delicate system
which would incorporate multiple moving parts with fine margins to ensure a fail-safe
operation mode.

3.4.2 Shear Plates

An alternative to the waved spoke design would be to simplify the spokes in order to
increase the necessary space for a spring-damper-system and, in addition, handle the
previously discovered problem of the plastic deformation. In [33] it was proposed to use
"shear plates", which could be placed at equally distributed intervals around the wheel,
connecting the hub and the outer ring (Figure 3.19).

Figure 3.19: Left: Alternative to the waved spoke design using shear plates to withstand higher torque
stresses. Right: Shear flow around a shear plate [33]
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If the wheel is loaded in radial direction these shear panels can still deform, because they
will bend outwards flattening the tread of the wheel to the ground. And when a torque is
introduced from the drive unit, these panels would be well fitted to take the shear load and
transfer the drawbar pull effectively to the ground (no deformation due to the increased
moment of area in the rotational direction). This combines both rotational stiffness and
radial flexibility!

To obtain a first impression and to visualise the behaviour of such a shear plate con-
cept, a feasibility test was conducted. The spokes of the BB wheel were reconfigured
to give the desired shear stiffness. The shear plates were equally distributed around the
hub and depending on their position, they experience different cases of loading. The left
image in Figure 3.20 shows the initial situation without loading (neglecting gravity). A
radial load is introduced in the centre image showing the deformation of the shear plates,
and a driving torque is simulated in the right image.

Figure 3.20: Shear plate feasibility test. Top left: Initial situation without load. Top centre: Wheel loaded
in radial direction. Top right: Wheel subjected to a torque. Bottom: Shear plate load case of
combined compression and shear

When the wheel load is not introduced in the principal axes of the shear plate a combina-
tion of compression/tension and shear is the effect (bottom of Figure 3.20). An additional
driving torque leads to an increase in the shear component. Interesting to note is, that the
shear plates are required to be slightly curved in order to guide the lateral deformation, in
order to prevent buckling, but not so greatly curved that tension of the upper shear plates
prevents the outer ring from deformation.
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With this in mind, one can define the design factors which when combined determine the
stiffness of the shear plates.

• Design factor 1: shear plate thickness

• Design factor 2: shear plate width

• Design factor 3: shear plate curvature

The number of the shear plate entities as well as their position and method of fixation,
would need to be carefully investigated also. Due to the fact that the shear plates bend
outwards, it is possible to argue that when deformed, they could interfere with the con-
nected wheel drive and rover leg. However, as the deformation will occur in each case
only at the ground contact the deflection will not interact with the rovers leg. As ex-
plained previously, this concept (now termed C4) allows space for the installation of a
spring-damper-system, placed circumferential on top of the hub, by which the wheel flex-
ibility could be adjusted.

In addition, such a concept would also separate the mechanisms of supporting the ra-
dial and the rotational loads, which is desirable as it simplifies the design in each case
significantly.

3.5 Adaptive Mechanism

As explained above, this concept allows space for the installation of a mechanism dedi-
cated to adjust the wheels flexibility. A possible idea picks up on the adaptation concept
C1, where a spring is used to bring an additional force onto the ring, which then has a
higher resistance to the wheel load and deforms less. In order to make such a spring
adaptable a type of mechanism is needed to preload the spring. The higher the preload-
ing, the higher the force onto the wheel and the higher the wheels stiffness. This can be
done either by pushing against the ring at the ground contact or pulling the ring inwards
at regions where the ring deflects outwards, in order to keep a circular shape. In terms
of operation, pushing the hub away from the contact point and lifting the wheel upwards
seems to be a good combination between a relative simple and reliable setup (pushing
all springs around the hubs circumference evenly out) and a system, which can be easily
adjusted to match certain ground conditions, as only one variable needs to be changed
(compression distance of the springs).

In this way, an almost linear system can be created going from most flexible (zero
preloading) to completely stiff, where the springs are compressed to their minimal solid
length (Figure 3.21 Right). In order to preload the spring, a linear moving shaft needs to
be implemented which presses the spring together. Such a mechanism could be achieved
either via a single actuator in the hubs centre, which transforms a rotary motion into a
linear movement pushing the shafts of the springs evenly outward or by direct linear ac-
tuators located peripherally around the hub, compressing each spring individually. For
the reason that the hubs internal area is reserved for the sensor electronics, a hub internal
stiffening system is not practical.
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Figure 3.21: Left: Concept of a spring-damper-system inside the wheel, placed circumferentially on top
of the hub, by which the wheel deflection could be adjusted. Centre: Schematic of a possible
spring-damper configuration, with a solenoid actuator (left) or a lead screw actuator (right).
The "inner spoke" is connected to the ring and can move all the way into the housing allowing
for maximal wheel deformation. Right: Compression Spring unloaded (L0) and loaded to
minimal solid length (L1).

A possible spring damper system is depicted in Figure 3.21. This idea utilises an elec-
tromechanical solenoid which is a thin and tightly packed loop of wire wrapped around a
ferromagnetic core. When connected to an electronic current, this coil produces a mag-
netic field. Depending on the position of the positive and negative poles, and the strength
of the current, the ferromagnetic core becomes a movable actuator with a linear motion.
This linear movement would then be used to preload a spring increasing the force onto
the outer wheel ring.

Figure 3.22, shows the operational principle of such a solenoid actuator. These type
of actuators are usually designed for a particular force they need to produce and not for
the traveled distance of the plunger. The force F is directly related to the applied electric
current

F =
µ0 · A (N · I)2

2 · g2 [N] (3.8)

where µ0 is the permeability of free space, also known as the absolute permeability, given
by 4π · 10−7 [H/m], N are the number of turns in the coil, I is the current in Amps, A
is the area enclosed by the coil and g is the gap between the shell and the plunger (air
gap). The energy to operate such a device is then found through the electromagnetic field
energy E f

E f =
1
2
· L · I2 [J] (3.9)

The inductance L, is usually defined for a coil of length l

L =
µ0 · A · N2

l
[H] (3.10)

but needs to be extended here to the inductance of a coil with a ferromagnetic core and
air gap to suit the equation for the required energy of a solenoid actuator.
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L =
N2

< +<g
[H] (3.11)

where< is the magnetic reluctance of the ferromagnetic core given by

< =
l

µ0µrA
(3.12)

with µr being the relative permeability, which is the permeability of a conductor rela-
tive to that of free space. For soft iron it is around 6000, so its actual permeability is
6000 · 4π · 10−7 [H/m]. And<g is the magnetic reluctance of the air gap

<g =
g
µ0A

(3.13)

Using Equation 2.5, we can relate the force given by Equation 3.8 to the traveled distance,
which is then defined by the characteristic spring constant of the implemented spring. For
the design it is then required to define that the springs when fully compressed balance the
load onto the wheel.

Figure 3.22: Left: Operating principle of an electro-mechanical solenoid actuator. When connected to
an electronic current, the coil will produce a magnetic field. Depending on polarisation and
the strength of the current, the metallic plunger will then move linearly in or out of the
housing [34]. Right: Example of a standard solenoid actuator (Credit: Decco)

A similar method, which would require less energy, is the use of a linear lead screw actu-
ator (also depicted in Figure 3.21). With this mechanism a rotary motor (stepper motor) is
connected to the lead screw, making a lead nut move along the rotational axis. The direc-
tion of the translation then depends if the motor is rotated clockwise or counterclockwise.

The advantage of such a stiffening system is, that the lead screw has a continuous ramp
that allows a small rotational force applied over a long distance. Hence, a large load can
be lifted with a relatively low torque. Another advantage would be that such a system
is self-locking. This means that when the power supply is switched off, the lead screw
would prevent the lead nut from sliding down again. As a result, the adjusted distance
of the lead nut, and therefore the compression load onto the spring, would be kept even
when the power supply to the wheel fails.
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3.6 Statement

The revision of Concept 3 and the experimental analysis of Concept 2 have identified
major weaknesses in the previously proclaimed functionality. Recollection of the plastic
deformation problem of the baseline wheel, including the complicated arrangement of
the waved metal bands, leads to the conclusion that none of the previously devised con-
cepts are suited to achieve the objective. The intention of the project, however, to develop
a flexible metal wheel with adjustable stiffness was sustained. It was therefore decided
to continue with the here proposed alternative Concept 4, albeit this raises the possibility
of unforeseen difficulties (Table 3.7).

The new design will include the development and design of the shear plates and a spring-
damper-system. The outer ring, hub, bump stop discs and grousers will be taken from
the ExoMars design and scaled in order to fit the new dimensions. To meet the RIMRES
project schedule the development and design of the shear plates and the spring-damper-
system will be regarded separately. A detailed report about the trade-off and feasibility
study outlined here can be found in [35].

Table 3.7: Decision matrix of the feasibility study showing the trade between the revised concepts (Con-
cept 1 - 3) as well as the new alternative Concept 4. Concept 0 was added here representing a
scaled ExoMars wheel with no adaptable capabilities.

Complexity System Stiffness Differences Risk Time Innovation
size/mass variation in GCP’s

Concept 0 low low none moderate low not critical none
Concept 1 high high not tested moderate moderate critical moderate
Concept 2 moderate high little moderate moderate ok moderate
Concept 3 high high little high high ok moderate
Concept 4 moderate moderate not tested not tested high critical high

good
Colour code ok

critical
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4
Wheel Design

This chapter is concerned with the mechanical design of the RIMRES wheel and with the
flexible spokes in particular. First, the requirements are reviewed in order to define spe-
cific boundary conditions for the evaluation process. The analysis method is explained
and justified, giving examples to introduce the principle of the new design concepts,
which are then analysed with a computer based method of non-linear finite elements.
Each analysis is then concluded with a revision process where the mechanical character-
istics of the design under consideration are summarised stating also possible refinements.

4.1 Requirements Review

4.1.1 Load Cases

As outlined in Section 3.2, the requirements for the RIMRES rover indicate the loads the
wheel needs to sustain during operation. Different forces and moments are applied to
the wheel structure due to the rovers own mass on different slopes as well as the torque
applied by the drive actuators. It is obvious that different operation modes will change
the momentary load on the wheel. For the first design, however, we will focus on the
main three load cases, which are

1. The wheel load (W)

2. The drive torque (T ), and

3. The side skid force (Fs)

These load cases are represented graphically in Figure 4.1. The wheel load is given by
Equation 3.1 but will be rounded up to W = 600 N to cover changes of the gravity vector
when single module packages are shifted around the rovers body (refer to Section 3.2.1).
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Figure 4.1: Different load cases resting on each wheel depending on the operational mode of the rover.
Left: Load Case 1 - Maximal wheel load W acting in radial direction due to the rovers own
system mass. Centre: Load Case 2 - Maximal torque load TM due to the rovers drive unit
(fixed at the bottom). Right: Load Case 3 - Maximal side skid force when driving cross slopes
at an angle of 30◦

The maximum torque is given by the momentary peak load of the used actuator TM =

127 Nm (refer to section 3.2.1). To analyse the slope gradeability and to achieve at least
the same performance as the baseline wheel a slope angle α of up to 30◦ was assumed.
This corresponds to a side skid force of

Fs = W · sin α [N] (4.1)
= 300 N

4.1.2 Materials and Stress Criterion

The loads are introduced at the centre of the wheel. The rigid hub, made of aluminum,
builds the interface to the drive unit and evenly distributes the forces onto the wheel. As
a result, the connection points located circumferentially around the hub are the points
where the different load components are passed into the flexible elements. The material
of the spokes and the outer ring will be spring steel, as is the case for the baseline wheel.
Spring steel can be manufactured in different grades of quality, and specifically when
formed into thin sheets with special treatments can sustain high stresses without yielding.
For this analysis, however, we will focus on typical values of spring steel with reasonable
quality. The material properties (Appendix C) are defined with

E = 195 kN/mm2

ν = 0.29
Rp 0.2 = 500 N/mm2

Where E is the module of elasticity, ν the Poisson’s ratio and Rp 0.2 the offset yield point
of high strength steel such as spring steel. Referring to [25], the wheel shall be designed
such that it can survive yield loading conditions and subsequently meet all performance
requirements without any degradation. This will be ensured by a factor of safety for yield
stresses of not less than

FS = 1.25
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In order to ensure results which exclude plastic deformation all stress levels inside the
material need to be below the yield limit. As we deal with the deformation of steel,
which is a ductile material, we will use the von Mises yield criterion formulated in terms
of the von Mises stress, also known as the equivalent tensile stress. It has to be noted here,
that the von Mises stress is not an actual stress acting inside the members. The von Mises
yield criterion is a hypothesis only, in which the assumption is made that the load inside
the material is characterised by the part which corresponds to the change of the geometry
at constant volume [36]. It is merely a comparison of normal stresses σ (compressive and
tensile) and shear stresses τ giving a combined value to assist in predicting yielding of
materials under multi-axial loading. The von Mises yield criterion is in agreement with
most experiments for ductile materials, is always a positive value and can be expressed
mathematically in the principle directions with

σv =
√
σ1

2 + σ2
2 − σ1σ2 (4.2)

and according to local axes

σv =

√
σx

2 + σy
2 − σxσy + 3τxy

2 (4.3)

where σv, including the safety factor, must be below or equal the yield strength of the
material σy.

σv · FS ≤ σy (4.4)

4.1.3 Wheel Stiffness and Deflection

The stiffness of the wheel will depend on the deflection distance of the local ground
contact point (GCP), in order to achieve a required ground pressure for either highest
efficiency or highest traction (refer to Section 2.3.2). As has been previously discussed in
Section 3.2.2, the "maximal nominal deflection" of the RIMRES wheel (no BSD contact)
shall occur when the rover is loaded with its maximal payload capacity and operates on
a solid surface with the electromechanical stiffening system not in use (passive/failure
mode). For the calculation process of the required stiffness, we refer to the diagram in
Figure 2.10 but neglect the sinking coefficient zo for soft soil. Recalling Hooke’s law
of elastic deformation (Equation 2.5) we determine the characteristic spring constant by
defining the desired deflection.

For a good starting point we have a look at the ExoMars baseline wheel, where the
diameter of the BSD was set to dbs = 190 mm. This enables a maximal deflection of
δbs = 30 mm, which is 12% of the wheels diameter. Using this value for the RIMRES
wheel would result in a deflection with BSD contact of 48 mm. As we need to find a limit
that lies below this value, and taking into consideration that different GCP’s might de-
form more than this average value, we will define the "maximal nominal deflection" to a
factor of 10% of the undeformed wheel diameter. This implies a possible passive/failure
deflection of δ10 = 40 mm for the designed wheel load of 600 N.
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For both wheels, the exact value of the applied wheel load when reaching the BSD’s is
unknown. In order to obtain an estimate, and to be able to compare both wheels in terms
of their equivalent stiffness pgr, we calculate the design load for the ExoMars wheel us-
ing the same methodology as used for the RIMRES wheel (Equation 3.1). But now using
values of g = 3.7 m/s2 (gravitational constant of Mars) and nw = 6 (number of wheels
used on the ExoMars rover).

The resulting relation of deflection and stiffness are summarised for both wheels in Ta-
ble 4.1. The contact length lt, the contact area A and the ground pressure are derived from
Equations 2.6 to 2.8. Additionally, for comparing purposes, the measured values of the
baseline wheel (refer to Chapter 3) are provided. As the RIMRES wheel foresees a sys-
tem to adjust its stiffness it will nominally have a higher flexibility. In order to achieve
smaller deflections, similar to the one for the ExoMars wheel (δ = 5%), the deflection
must be balanced by the stiffening system.

Table 4.1: Determination of the wheel stiffness and allowable deflection. Top section: Key dimensions of
the ExoMars and the new RIMRES wheel. Second section: Deflection limit when reaching the
BSD of the baseline wheel gives an estimate of the BSD contact deflection for the RIMRES
wheel. Third section: Definition of the equivalent stiffness for a nominal 10% deflection. Last
section: Comparison of the measured equivalent stiffness to an envisaged RIMRES scenario,
where the stiffening system will be used to balance the higher flexibility of the RIMRES wheel
in order to achieve a smaller deflections of 5%.

ExoMars RIMRES
Variable Value Unit Variable Value Unit

Key dimensions
D 250 mm D 400 mm
b 112 mm b 200 mm

dbs 190 mm dbs ≥300 mm
Deflection limit at bump stop

Wbs N/S N Wbs N/S N
δbs 30 mm δbs 48 mm
δbs/D 12 % δbs/D 12 %

ltbs 162.5 mm ltbs 260 mm
Abs 18197.9 mm2 Abs 51993.9 mm2

Design for 10% deflection
WMars 154.2 N WEarth 600 N
δ10 25 mm δ10 40 mm
δ10/D 10 % δ10/D 10 %

lt10 150 mm lt10 240 mm
A10 16800 mm2 A10 48000 mm2

pgr10 9.2 kPa pgr10 12.5 kPa
Measured Adjusted

Wmv 131 N Wad j 600 N
δmv 12.5 mm δad j 20 mm
δmv/D 5 % δad j/D 5 %

ltmv 109 mm ltad j 174.4 mm
Amv 12204.9 mm2 Aad j 34871.2 mm2

pgrmv 10.7 kPa pgrad j 17.2 kPa
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4.2 Analysis Method

Figure 4.2 shows the expected deflection of an initially curved shear panel due to the
influence of the wheel load W acting in the negative global Y-axis. The force R in the
positive Y-direction is due to the reaction with the ground and holds the system in static
equilibrium. Rotating the wheel schematic by 90◦, it can be seen that the panels undergo
a large deflection in the local yz-plane, with the point of maximum deflection changing
horizontally by d1 and vertically by d2. The loading remains vertical, so when the loaded
support shifts along the local y-axis, the angle of attack into the plate changes signifi-
cantly from α to β. This deformation is possible, because the plate is very thin compared
to its length and permits bending around the local x-axis (low second moment of area in
the local yz-plane).

From this it follows, that basic assumptions, such as the small angle approximation, are
not longer valid and the solution of this large deflection cannot be obtained from ele-
mentary beam theory. Specifically, the elementary theory provides no correction for the
shortening of the moment arm as the loaded end of the beam deflects [37]. This means
that follower end forces can not be considered. However, they are of great importance
when determination of the internal stresses in the member is required.

Figure 4.2: Schematics of a shear plate wheel showing the expected large deflection of the panels due the
radial load. As the assumptions in linear statics provide no correction for the shortening of
the moment arm for such large deflections a non-linear approach will be necessary in order to
determine the stresses and strains in the wheel members.

From the aforementioned information, it becomes clear that an approach from linear
statics would not reveal a meaningful result and that a non-linear analysis of the given
problem is inevitable. Investigations were conducted to identify the necessary means to
perform a non-linear analysis of the problem and still be able to design and manufac-
ture the system according to the underlying project schedule. Different methods were
considered to approach such a question

• Analytically,

• Experimentally, or

• Numerically
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by computer simulations. Over the last decades attempts have been made to describe non-
linear large deflection problems on an analytical basis. A promising method is the use
of non-linear differential equations based on the fundamental Bernoulli-Euler theorem,
which states that the curvature is proportional to the bending moment [37]. However, it
was found that such an approach would fall into a different domain and it was questioned
to what extent this would help from a systems engineering point of view, as generally
these mathematical models have no closed solution.

Another interesting mathematical approach for such problems, is the description via an
equivalent system. The closest examples to the given problem were the publications of
compliant mechanisms by L. Howell [38], where so called pseudo-rigid-body models
were used to describe large deflections of cantilevered beams (Figure 4.3). However, be-
side the probable increase in assumptions and simplifications, it was questioned to what
extent such an approach would provide answers to the internal stresses of the wheel com-
ponents. Furthermore, the deflection of the whole wheel, including the different forces
acting on each shear plate element, can not easily be determined. The system of a flexible
wheel with its spokes and outer ring loaded with various combinations of compression,
tension and shear appeared to be too complex, as such an analysis, utilising single beam
elements only, would reveal the actual systems behaviour.

Figure 4.3: Compliant Mechanisms. Left: Flexible segment of a cantilevered beam. Right: Pseudo-rigid-
body model describing the same deflection with simple elements. (Reproduced from [38])

The second method considered was to conduct experiments, to investigate the behaviour
of the large deflections with different sets of metal strips equipped with strain gauges.
Without values based on a mathematical approach, the experimental method is some-
times the only way to obtain practical results. However, without a starting point, trial
and error experiments are complex, sensitive and very time consuming. It was therefore
reasoned that such an approach would not lead to usable results in the given time frame.

Due to the fact that numerical codes for finite element analyses (FEA) have been de-
veloped to approach both linear and nonlinear mechanical problems, it was concluded
that a computer based approach would be the most promising to achieve usable results
in an acceptable time. The program bundle Marc/Mentat from MSC Software provides a
complete solution to model systems with geometric nonlinearity, nonlinear forces, large
displacement of boundary conditions (BC), as well as nonlinear contact conditions.
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To reduce pre-processing time even further, the models were built and meshed in Patran
and then imported into Mentat to apply the BC’s. Marc, the nonlinear solver, was then
used to solve the stiffness matrix and to find the resulting displacements of the element
nodes. It should be noted, that the performed analysis is only a simplified investigation to
obtain indications on how the system behaves in general and how the elements need to be
designed in order to sustain the design loads. The results of this analysis will then serve
as the baseline for the design and manufacturing process. However, the results need to
be carefully tested afterwards with the new RIMRES BB demonstrator wheel.

4.3 Shear Plates

4.3.1 Buckling Columns

When thin beams undergo displacements due to a compressive force as described above,
the term used for such a behaviour is "buckling", which may be either stable or unstable.
Stable buckling can be achieved when the column has an initial deflection angle, which
permits increasing displacements proportionally with increasing load. When a column
has no initial deflection angle, however, and the loading reaches the critical value Fcrit,
the column will break-off uncontrolled and instantaneous to one side or the other.

Fcrit =
π2EI
(KL)2 (4.5)

where E is the modulus of elasticity, I is the second moment of area, L the unsupported
length of the column and K is the effective length factor, depending on the characteristic
of the end supports (Figure 4.4).

Figure 4.4: The boundary conditions affect the critical load of a slender column, which is characterised by
the effective length factor K. Left: pinned-pinned (K = 1), Centre Left: fixed-fixed (K = 0.5),
Centre Right: fixed-pinned (K= 0.699), Right: fixed-free (K = 2) [39].

The shear plate concept should enable stable buckling, where the transverse deflection
increases steadily with increasing deformation of the wheel. For this purpose, the plates
have to be slightly curved with an initial deflection offset. This in mind, and the fact
that we deal with large displacements, we can not use the critical load theorem to derive
the force required for stable deflections. As a result, we need to find a different way to
estimate the plates deformation.
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4.3.2 Deflection Curve Models

To introduce the deformation problem of the shear plate spokes and to obtain an idea of
how the spokes would deflect under load, an attempt was made to find a good model, by
which to estimate the curvature and the point of maximal deflection of such a bending
beam. This information will be very valuable when evaluating the FEA results later.

Model A - Circle Segment

The first proposed model was already presented in Figure 4.2, where the assumption was
made that the deflected beam would take the form of a half-circle when fully deflected,
or a circle segment for smaller deformations. Referring to Figure 4.5 Left, the maximum
distance the beam will bend outwards, assuming the shape to be that of a circle segment,
can be stated mathematically as

dseg = r −

√
r2 −

l2

4
(4.6)

where r is the radius of the circle and l is the length of the direct connection between hub
and ring. This can also be expressed in terms of the opening angle α

dseg =
l
2

tan
α

4
(4.7)

The length of the curved arc s is equal to the undeflected length of the beam, which is
given with

s = l + δ (4.8)

where δ is the deformation of the wheel (shift of the support in Figure 4.2). When the
beam is deflected, the arc length can also be expressed with

s =
π · r · α

180◦
(4.9)

From here we could determine the radius r, but we do not know the exact opening angle.
As we have, however, two expressions for dseg we equalise and solve numerically for the
two unknown variables r and α. As a result, we find the deflected distance of the beam
for a given beam length and a given wheel deformation.

Figure 4.5: Deflection models of a bending beam for large deflections. Left: Circle Segment. Centre:
Equivalent system. Right: Catenary
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Model B - Equivalent System

Another approach to estimate the deflection of the beam is by replacing it with an equiv-
alent system. Figure 4.5 Centre, shows such an example similar to a slider crank mech-
anism, where the beam is substituted with two rods of equal length re. A spring element
placed between the hub joint (A) and the ring joint (C) symbolises the elastic behaviour
of the beam. Assuming the pin joint (B) connecting the two rods has an initial offset
from the vertical centre line (in order to prevent buckling) and the system is subjected
to a force at the free end, the pin joint will move outwards in a circular trajectory. The
distance this joint will travel is then defined by

deqs = sinϕ · re (4.10)

where the angle ϕ can be obtained by

cosϕ =
l

2 · re
(4.11)

The length l depends again on the radial deformation of the wheel

l = 2 · re − δ (4.12)

Although we receive a better impression for the deflection of the thin beam with an
equivalent system, it does not provide a clear picture of the curvature. The circle segment
we outlined earlier is only valid for small deflections and is an oversimplification for large
deflections. If for example a thin wire is pushed from both ends towards one another,
the resulting curvature will first take the form of a thin circle segment, but for larger
deflections it will form a near-parabolic shaped curve. This is because the distance of the
lateral deflection does not increase proportionally with the distance of the axial shift.

Model C - The Catenary

This near-parabolic curve is known as the catenary, and it describes the shape of a rope
hanging loosely from two fixation points under the influence of gravity (Figure 4.5 Right).
The length s of such a rope between points A and C is given mathematically with

s =

∫ c

a

√
1 + y′dx (4.13)

where y′ is the first derivative of the curvature. Assuming now a perfectly flexible rope
with constant thickness, the curvature of a catenary is independent of the materials den-
sity [40] and takes the form

y =
s2

h − d2
cat

2 · dcat
cosh

(
2 · dcat

s2
h − d2

cat
x
)
−

s2
h − d2

cat

2 · dcat
(4.14)

where sh is half the length of the arc (length between points A and B) and dcat is the
distance of maximal deflection for the catenary shape. From here also an expression for
the length l can be obtained

l =
s2

h − d2
cat

dcat
ln

(
sh + dcat

sh − dcat

)
(4.15)
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This formula provides the means to calculate l from dcat and sh. In order to obtain the
unknown variable dcat we solve this equation numerically [40].

To compare all three models, we define a radial wheel deformation of δ = 40 mm and an
undeflected length of the plates of 120 mm, which would be the case for a wheel with
a ring diameter of 400 mm and a hub diameter of 80 mm. If we assume that Model C
describes best the deformation curvature of the shear plate, it can be seen from Table 4.2,
that the deflection model of the equivalent system (Model B) overestimates the beam de-
flection by more then 10%, whereas the model of the circle segment (Model A) clearly
underestimates the deformation.

Table 4.2: Comparison of the maximal deflection distance d for the three alternative deflection models. A:
Circle Segment. B: Equivalent system. C: Catenary

Model Value (mm)
A dseg 37.2
B deqs 44.7
C dcat 40.2

Relation to Stress

Assuming the catenary model is a good approximation of the deflection curve of the two-
dimensional bending of the shear plate, it still does not provide information about the
internal stresses of the beam. With the method of an equivalent system we could include
a force and then relate the lateral bending to the axial compression. This force, however,
would not act along the neutral axis of the member. The angle, and therefore the acting
component of the force into the member, changes with each step. Such a force is also
called a follower end force, as it follows the shifting end of the beam. The stress inside
the member at each step is given by the momentary force component Fn over the cross
sectional area A of the member

σn, τn =
Fn

A
(4.16)

The shear stresses due to strain can be neglected here as we have a slender beam which
is much thinner than its length. Therefore, we deal with pure bending only (no regions
of compression or tension along the neutral axis). Dividing the deflection process into n
steps, we find the final stress level by the sum of all steps

σ =
1
A

n∑
n=1

Fn (4.17)

Splitting such an equivalent system even further into more members, we arrive at the
concept of finite elements. The more elements and the smaller the step size, the more
accurate will be the solution to the real world problem. Naturally, the greater the compu-
tational effort will be also. For this reason, the use of a computer based FE tool for this
task is of significant assistance. The process used for the FEA of the wheel deformation,
will be described in the following section.
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4.3.3 Analysis

The overall goal of the FEA for the RIMRES wheel is to determine the stresses (σ, τ)
and strains (ε, γ) inside the flexible elements in order to design the wheel so that it will
sustain the loads acting on it purely elastically (no plastic deformation occurs in any of
the elements). The dimensions found to fulfill this requirement, will then be used for the
construction and manufacturing process.

FE Model

For this purpose a finite element model was generated based on hand calculations and
sketches. Due to the fact that the wheel utilises thin-walled flexible elements the sketched
dimensions where used to establish a surface model, which was then meshed using com-
mon meshing guidelines [41], including a structured and regular quad-element-mesh with
no step changes and higher density only in regions of interest in order to reduce calcula-
tion time. This was enabled by subdividing the shell model into smaller sections, which
were then meshed individually. However, in order to obtain a good estimate of how the
wheel behaves as a system, the model was assembled as a full model. Although the wheel
has a usable symmetry in the yz-plane (origin in the geometrical centre) this was not used
in the first approach in order to avoid discretisation errors.

For this analysis we assumed that the shear plates would bend outwards and that they
do not interact with the hub. For this reason, only the shear plate spokes and the outer
ring were assigned as shell elements. The type of elements used were Quad4 (four-noded
linear isoparametric flat plate elements), which behave well for irregular shapes. The use
of Quad8 elements (parabolic isoparametric element with four corner and four edge grid
points) was also considered as they behave slightly better for singly-curved shells [41].
This type has, however, the double amount of nodes and so processing time would be
subsequently higher. Therefore, for the first iteration process Quad4 shell elements were
used leaving the possibility for later refinements (e.g. p-refinement, h-refinement). These
elements were then assigned the material properties (E and ν), which were already men-
tioned in section 4.1.2.
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The FE model contained 12 shear panels (6 on both sides) as well as the outer ring of
the wheel. A fine mesh was used for the shear plates, whereas a relative coarse mesh
was defined for the ring. As the meshing was done in sections, additional nodes placed
at the same location were equalised and merged into single nodes. Renumbering of the
elements and nodes cleaned-up the element/node list, which is useful later when check-
ing for errors. In order to prevent buckling, the shear panels were created using a 3-point
circular curve with an initial lateral offset of d = 5 mm.

For the first load case (wheel load) we simulate a situation where the wheel is pressed
against a solid surface. To accomplish this, an additional flat plate was defined as the
contact boundary for the wheel ring. For the given problem, there are two possible ap-
proaches to define the boundary conditions (BC’s) in order to prevent rigid body motion
and to hold the complete system in static equilibrium. One could locally fix (translational
as well as rotational) the supports of the shear plates on the hub, moving the contact plate
against the ring. Or one could fix the contact plate inside the simulation space and mov-
ing the hub, more precisely the shear plate supports on the hub side, in direction of the
contact plate. The first method can be used in order to find the resistance/stiffness of the
wheel according to the deformation length. The second method, on the other hand, could
be used in order to determine the resulting deflection to a given load. The latter can also
be used to simulate load cases two (torque) and three (side skid) as the supports can be
set to move along or around a particular axis.

In the previous section we defined the deflection for the first load case to 40 mm. There-
fore, we will use the first BC method of fixing the supports in all 6 degrees of freedom
(dof), placing the contact plate just below the ring and moving it 40 mm upwards in the
positive y-direction. Care needed to be taken with the contact sides of the two bodies. If
the sides where not set facing each other, the bodies did not "know" each other and the
simulation was unable to find a solution.

Figure 4.6: FE model of the shear plate concept using 6 panels on either side of the wheel ring. These
panels have a length of 120 mm, a width of 20 mm and a thickness of 0.4 mm and are equally
distributed at 60◦ intervals around the central axis.
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To avoid slippage we set the static friction coefficient between the two bodies (wheel and
plate) to µs = 0.5 , which is a good approximation for steel on a hard surface such as
dry wood. The step size was initially set to 20 increments but needed to be increased
to at least 50 in order to run the full simulation. The smaller step size, though faster,
was unable to converge in some increments. The results of the first iteration process are
shown in Figure 4.7.

Results

Looking at the results we see the expected outward bending of the lower panels which are
in contact with the boundary surface. It is also visible that the deflection curve does not
take the form of a circle segment. The assumption made previously of the catenary deflec-
tion model is therefore a good approximation, which is also supported by the deflection
distance of 40.02 mm. This value is marginally less than computed earlier, because the
deflection curve here has an initial deflection radius at both ends in the opposite direction.

To explain this, we look again at the supports and more specifically, at how they were
defined. The supports were restrained on the hub in all translational, as well as in all ro-
tational directions, which is a fixed-support able to support a bending moment (see again
Figure 4.4 Centre Left). The estimation from the previous section assumed a pinned sup-
port, where the element would have been free to rotate around. This, however, is not
possible with a continuous medium having no additional element in between which de-
couples the components. Due to continuity, if the support is fixed preventing rigid-body-
motion a change at this point does not result in a displacement (translation or rotation)
but in deformation (change in shape or size). The supports, though not matching the pre-
vious assumption, do reflect accurately the real world conditions. This can be shown in a
more graphical manner with a look at the stress/strain relationship.

Figure 4.7: FE analysis of the shear plate concept. The upper central shear plate is in tension whereas
the lower central one is loaded in compression. The upper left and right panels undergo a
combination of tension and shear load. The highest stress levels reside in the lower left and
right panels which are subjected to a combined compression and shear loading which heavily
increases the local stress values at the corner points due to the relative large shear strain.
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Figure 4.8, shows a diagram with the relation of stress and strain of steel. As mentioned
above, the model was built as a continues structure with the ring and the plates having a
smooth curvature. The only sharp edges in this model are the connections from the plates
to the ring on the one side and to the hub on the other side. These edges can be under-
stood as sharp bends from one component to the next, which due to their sharpness are
points of plastic deformation. Looking at the stress/strain diagram we see that a region
which is plastically deformed becomes stronger due to dislocation inside the material’s
crystal lattice (strain hardening). If the beam is now subjected to a bending moment it
will not bend at this locally strengthened region, which is why the compression of the
plates will not bend at the connection points but rather at some distance away from it.

Figure 4.8: Stress/strain diagram of a high strength steel with continues transition form elastic to plastic
deformation [42]. Rp0.2 is the defined yield point at 0.2% deformation and Rm is the tensile
strength of the material. The linear part of the curve is the elastic region and the slope is called
the modulus of elasticity (E-module). If such material is plastically deformed, then a new
increased E-module is created.

The stresses in this bent lower plate, as well as in the upper plate, which is subject to
tension, are not critical and well below the yield limit. A more pressing matter are the
plates on the left and right side of the lower plate, which are subjected to a combina-
tion of compressive and shear deformation. As explained in section 3.4.2, this combined
loading was expected. However, as can be seen from the stress scale the values exceed
the set yield limit by a factor of two. The problem here is that the hub moves downwards,
because the upper plate has an initial curvature and permits the vertical shift. The ring
on the other hand is pressed to the ground and does not retain its shape, which is why
there develops a relative shift of the connection points between the hub and ring. The
side plates can not bend the same way as the upper and lower plate as they have a higher
moment of area in this global direction. As a result, the shear plates are subjected to a
shift they can not compensate via bending, but by deformation.

In order to verify this problem we do a simplified static calculation. Figure 4.9 shows
a panel set between two walls, which in this case are the hub on the lower side and the
ring on the upper side.
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Figure 4.9: Shear displacement due to the shift of one side and the resulting stress-strain relationship
obeying Hooke’s law of elastic deformation. The length of the panel is given by h, its width
by b and the displacement from its original position by u.

The idea of the shear plate was to provide rotational stiffness. If one applies a torque T at
the hubs centre then the acting force F at the bottom side of the panel will be given with

F =
T
r

(4.18)

where r is the radial distance from the centre to the bottom side of the panel. This force
acts over the cross sectional area A of the panel and produces a shear stress τ (Equa-
tion 4.16).

If one assumes a hub diameter of 160 mm (r = 80 mm), a width b = 20 mm and a
thickness t = 0.4 mm then the resulting shear stress due to Tm = 127 Nm acting on the
panel is approximately 200 N/mm2, which is a factor of two (incl. FS) below the yield
limit. However, If one takes a look at the resulting stresses due to the radial movement
of the hub one obtains much higher stress values. From structural mechanics [36] we
can relate the change in angle at the corner of an original rectangular element, also called
shear strain γ, to the displacement kinematically by

γxy =
∂u
∂y

+
∂v
∂x

(4.19)

where the displacement along the x-axis u and the displacement along the y-axis v are
given with

Christian Grimm - Cranfield University 67



4. WHEEL DESIGN

u =
∂u
∂x

dx (4.20)

v =
∂v
∂y

dy (4.21)

As we have constraints preventing displacements from occurring in the vertical direc-
tion, and we want to determine the full displacement of the shear panel, Equation 4.19
simplifies to

γxy =
du
dy

(4.22)

where du = u and dy = h, which is the length of the panel. It follows the expression for
the displacement

u = γxy · h (4.23)

The strain is found through the stress relation via Hooke’s law

γxy =
1
G
τxy (4.24)

where G is the shear modulus, which depends on the modulus of elasticity E and the
Poisson’s ratio ν of the material

G =
E

2(1 + ν)
(4.25)

Inserting Equations 4.23 and 4.25 into 4.24 we find an expression for the shear stress due
to the displacement u

τxy =
u
h

G (4.26)

If one now assumes a relatively small displacement of u = 2 mm and using the material
properties given in Section 4.1.2, then the resulting shear stress for a panel of length
h = 120 mm becomes τxy = 1260 N/mm2 which is well above the yield limit and in the
same order of magnitude as the values provided by the simulation (refer to Figure 4.7).
Although in the simulation the panel is subjected not only to shear but also to a bending
moment, which is the reason for the stress concentration in the corner, one can clearly see
that due to the displacement the resulting stress at the contact interface reaches a critical
value.
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Design Revision

It becomes clear that the problem above does not arise due to the bending normal stress
of the plates, but due to the strain of the material. Whilst the plates are well equipped
to take a rotational load from the drive, they do not behave well for large shear displace-
ments, which cause very high shear stresses at the contact interfaces. The von Mises
yield criterion given in Equation 4.3 gives the interaction of normal stresses (here due
to bending) and shear stresses. According to this, the shear stresses are assumed to be
taken into account with a factor of three. From here it follows, that shear stresses inside a
member have a much greater effect to the overall stress value than the components in the
normal direction. It is therefore advisable to reduce shear stresses, or even avoid them
altogether, as they are most likely to be the cause of failure.

Looking at Equation 4.26, it is possible to increase the length h of the panel in order
to reduce the shear stress, but this is not practical as one would have to lengthen h to
at least 300 mm before the resulting stress reduces below 500 N/mm2. Besides, with
the given wheel diameter of D = 400 mm this not possible. Changing the width or the
thickness of the panel would not have an effect, as we see in Equation 4.24, that the shear
strain due to a defined displacement does not depend on these factors. With this in mind,
an attempt was made to find a solution that does not take the load via shearing but through
bending and/or tension.

It was mentioned earlier, that the displacement of the hub is due to the initial curva-
ture of the upper plates. Ignoring such an initial curvature would equalise the downwards
movement of the hub and the ring. The ring would press against the ground and deform
into a uniform ellipse. The plates on the left and right side would, however, prevent this,
pulling the wheel into a multi-curved shape (Figure 4.7). For the fact that these tensile
forces do not act in the principal axes, we would have to deal again with high shear forces.
Additionally, neglecting an initial curvature would result in a stability problem, in which
due to unstable buckling (refer to Section 4.3.1), it would be unpredictable as to when
and in which direction the plates would snap.
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4.4 Tension Blades

Although designed to take the acting torque, the shear strain weakness of the shear plate
concept is a major problem. The only possibility in this case seems to be to convert the
shear plates into tension blades. Rotating the shear plates by 90◦ the lower moment of
area would then enable the deformation due to the downward movement of the hub. The
stress problem would then transform into a tension problem rather then a shear deforma-
tion problem.

As we have seen earlier, the plates sustain loads along their principle axes better than
across it, just like tension rods on a truss structure. The load carrying principle of tension
cables was first used on bridges where the roadway was suspended from a load carrying
arc fixed to a pylon, which then transmitted the load into the ground. Since the end of
the 19th century [43] this concept materialised also in the form of the tensioned spoke
wheel, or more commonly known as the bicycle wheel. The reaction of such a wheel
to a radial load is that it flattens a little at the contact area to the ground, whereas the
rest remains approximately circular (Figure 4.10). The tension on those spokes directly
beneath the hub reduces therefore slightly and the wheel could be understood to "hang"
from the arc above the hub via the spokes, which have now a relatively higher tension
(refer to Figure 2.13, top-loader principle).

Figure 4.10: Principal of the deformation of a bicycle wheel due to the contact with the ground (exagger-
ated view by factor 100) which locally decreases the tension at the spokes directly below the
hub. As a result, the wheel hangs from the arc above the hub via the other spokes which have
now a relatively higher tension [44]

4.4.1 Variant A - End Curved

In bicycle wheel building there are basically two methods for placing the spokes between
the hub and the rim, which are tangentially or radially [45]. The spokes in the latter
go straight from the hub to the rim and do not cross others. Tangential spokes on the
other hand run diagonally from the rim to the particular tangential point on the hub. This
allows a better transfer of the torque and is therefore commonly used for drive wheels.
Bicycle wheels have a high load to weight ratio, which is why they are often preferable to
full-disc wheels (train wheel) or wheels with their spokes loaded in compression (horse
carrier wheel). But they are of stiff design and do not support large deflections. In order
to convert this concept into a flexible design the spokes would have to be slightly curved,
to support bending and most importantly, prevent unstable buckling.
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Single Spoke Analysis

Looking back at the ExoMars design, we see that the waved bands have a relatively
large curvature which enables the bands to bend outwards when subjected to compres-
sion. They do, however, take the complete wheel load via the compression of the bottom
spokes rather than in tension of the upper ones. To enable the upper spokes to carry part
of the loading we must reduce this curvature. To save time and to obtain a good image
of how the spokes would deform for different curvatures, we set up an intermediate FE
model of a single spoke sub assembly.

These sub-assemblies where again created as surface models, which were then section-
wise meshed with quad-elements of thickness 0.4 mm. Four different geometries were
constructed, in each case a pair of blades builds a spoke element. The blades were at-
tached to the hub at an angle of ± 60◦ from the local vertical and shifted with respect to
each other along the hub width in order to open the possibility for sideways movement.
In two models, the blades initially crossed each other and had different connecting points
at the ring. The blades in the other two models shared a common connecting point on the
ring. The blades were created having no initial curvature but were bent either inwards or
outwards at the ring interface. A section of the hub was also included as it was expected
that in some models the blades would lean themselves against it. This hub section, in-
cluding all nodes, was related to the hubs central point. This point was then moved, and
with it the hub section as a rigid element, 60 mm downwards onto the contact plane which
had been fixed in all directions. The material properties, frictional coefficient and step
size were the same as used before. The question here was to find the bending behaviour
of such low-curved strips and to foresee problems before setting up a full model.

The results can be seen in Figures 4.11 to 4.14. The crossed blade set (Figures 4.11
and 4.12), shows that the blades indeed lean against the hub as predicted. Interestingly,
this independent from the end curve. The second set (Figures 4.13 and 4.14), shows an
effect of the end curve. If curved inwards, the blade will bend inwards and lean against
the hub. In the second case, where the end curve is outwards, the blades will tend to de-
form outwards. Such an outward bending is preferable compared to an inward bending,
as this could interfere with other connection points on the hub of other spoke elements.
In addition, the last model (Figures 4.14) is also the stiffest providing the highest resis-
tance to the deformation, which can be seen in the relative smooth bending curvature and
the low stress level. The following table lists the maximal stress levels for all models
(Table 4.3).

Table 4.3: Summary of the single spoke bending test. The results show that a spoke element with two
blades sharing a connection interface at the ring and an outwards curved end will achieve the
lowest stress level and highest resistance to the applied force.

Shared End Max. Stress Applied
Model Connection Curve (v.Mises) [N/mm]2 Force [N]

1 N in 180 126
2 N out 200 148
3 Y in 250 71
4 Y out 116 176
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Figure 4.11: Single spoke analysis with two blades crossing and an "inwards" ring-end-curve, placed be-
tween the hub (top) and the ring (bottom). Left: Perspective projection of the spoke assembly
showing the distribution of the equivalent tensile stress (von Mises). Right: Projection in
the xy-plane showing the initial undeformed state and the deflection when moving the hub
halfway (60 mm) in positive x-direction.

Figure 4.12: Single spoke analysis with two blades crossing and an "outwards" ring-end-curve, placed be-
tween the hub (top) and the ring (bottom). Left: Perspective projection of the spoke assembly
showing the distribution of the equivalent tensile stress (von Mises). Right: Projection in
the xy-plane showing the initial undeformed state and the deflection when moving the hub
halfway (60 mm) in positive x-direction.
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Figure 4.13: Single spoke analysis with two blades placed between the hub (top) and the ring (bottom),
sharing a line of connection at the ring and an "inwards" ring-end-curve. Left: Perspective
projection of the spoke assembly showing the distribution of the equivalent tensile stress
(von Mises). Right: Projection in the xy-plane showing the initial undeformed state and the
deflection when moving the hub halfway (60 mm) in positive x-direction.

Figure 4.14: Single spoke analysis with two blades placed between the hub (top) and the ring (bottom),
sharing a line of connection at the ring and an "outwards" ring-end-curve. Left: Perspective
projection of the spoke assembly showing the distribution of the equivalent tensile stress
(von Mises). Right: Projection in the xy-plane showing the initial undeformed state and the
deflection when moving the hub halfway (60 mm) in positive x-direction.
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Full Wheel Analysis

The previous analysis showed how the blades would deform depending on their connec-
tion type and end-curve geometry. The best performance was achieved with model 4
(refer to Figure 4.14), which was characterised by the lowest stress value and the highest
stiffness. This was due to the outward bending of the blades, which allowed the load to
be spread over a wider area as the bent blades pushed the ring segment back against the
ground. To see how such a geometry would react when implemented in a wheel system,
the next FE model was set up again as a full wheel model. In order to create a very har-
monic wheel, where the stiffness does not change much along one full turn, the blades
were attached to 12 points equally rotated with a shift of 30◦ around the circumference
and mirrored in the xy-plane. As mentioned earlier, a pair of two blades builds a spoke
sharing one line of connection on the ring. This results in a total number of 48 blades, 24
spokes with 12 spokes on either side of the wheel.

A special feature in this model are the included grousers. Recalling Figures 2.11 and 3.1,
grousers are attached around the wheels circumference in order to improve traction. Their
secondary effect is that they also work as stringers, which stiffen the wheel preventing
the ring from bending around the x-axis. In the shear plate model (refer to Figure 4.7),
grousers were not included. As a result, the ring is pulled inwards at the connections. In
the new model presented here, this would, however, imply a relative torsion of the blades
sharing a connection on the ring. The outer blade would be pulled inward, whereas the
inner blade would be pulled outward (increased shear stresses at corner points). The
grousers were added by defining a thin section spanning the width of the ring, which
were then assigned with quad elements of higher thickness tgrouser = 3 mm (Figure 4.16).
The results of this analysis with a wheel deflection of 40 mm can be seen in Figure 4.15.

Figure 4.15: Full wheel analysis of the tension blade variant A, where the blades have a curved end at the
ring connection. Note the multi-curve shape of the ring as it gets pulled inwards by the lower
left and right fully stretched tension blades.

74 Christian Grimm - Cranfield University



4. WHEEL DESIGN

Design Revision

The maximal stress along the 40 mm deflection progress reached approximately 50 N/mm2.
This is significantly lower compared to the high shear stress values from the previous
concept (990 N/mm2, refer again to Figure 4.7). The draw back in this model is, that the
blades when fully tensioned pull the ring inwards resulting in a deformed shape. This
may well effect the rolling capabilities of the wheel, as the multi-curved ring would be
carried along in the form of a standing wave when driving.

The simulation with the second GCP (point between two spokes) did also show a stabil-
ity problem of some for the blades (due to instable buckling). As was explained already
in the single spoke test, the deformation at GCP 2 deformed the blades in the opposite
direction. This is of course undesirable, as for the operation the blades would be required
to bend all in the same direction (e.g. outwards). The curved-end variant does therefore
seem insufficient to support such an equalised deformation behaviour. To overcome this
problem, as well as the aforementioned multi-curved ring deformation, one can increase
the curvature of the blades so that they not only have a curved end but a gradually curved
shape along their full length.

4.4.2 Variant B - Near-Parabolic Curved

Learning from the previous simulations, a final model was created in order to reduce
multi-curved ring deformation and to ensure a uniform outwards bending of the spokes.
For this purpose, the blade configuration from variant A was maintained, whereas only
the geometry of the blades was changed to that of a near-parabolic curved (NPC) shape
(Figure 4.16 Left).

Figure 4.16: Tension blades variant B. Left: View in the xy-plane showing the near-parabolic curved
blades. The blades were numbered from 1 to 24, beginning on the left blade from the lower
centre, running clockwise around the ring. Their mirrored counterparts (not visible in this
plane) received a prime suffix (’). Right: Perspective view on the undeformed tension blade
wheel showing the different assigned thicknesses of the FE elements (tblades = 0.3 mm, tring =

0.5 mm, tgrouser = 3 mm).

Christian Grimm - Cranfield University 75



4. WHEEL DESIGN

This model prior to the simulation can be seen in Figure 4.16 Right. Note here the
different levels of section thicknesses.

• Blade thickness tblades = 0.3 mm

• Ring thickness tring = 0.5 mm

• Grouser thickness tgrouser = 3 mm

As an additional feature, a bump stop was included to simulate a situation where the
deformation reaches a defined limit and to obtain an estimate of how the pressure to the
ground would change. This bump stop ring had a diameter of 300 mm, a width of 80 mm
and was placed to fit between the inner blades. The diameter allowed for a maximum
deflection for the ring of 50 mm.

Load Case 1 - Wheel Load

The first load case was simulated with the second method of defining the BC’s (refer to
section 4.3.3) by fixing the contact surface and relating the geometrical centre to the hub
supports. In doing so it was possible to define a single load at the centre point which was
then transfered outwards. The net effect is that the set load is equally distributed onto the
hub nodes which then behave as a combined solid object.

Figures 4.19 and 4.20 show the deformed wheel when reaching the included stop (which
also moved in relation to the centre point). It can be seen that due to the increased cur-
vature of the blades the ring does not get pulled inwards as strongly as in the previous
end-curved case (see again Figure 4.15) and remains a relatively harmonic oval shape. It
can also be noted from these figures, that an even and flat ground contact occurs, which
would imply a large contact surface and therefore a high tractive effort when rolling on
soft soils (see again Equation 2.6).

For a detailed explanation, the blades were numbered from 1 to 24, beginning on the
left blade from the lower centre, running clockwise around the ring (refer again to Fig-
ure 4.16 Left). Their mirrored counterparts receive a prime suffix (’). The blades taking
most of the load at the final deformed state are the blades # 4, 4’ and # 21, 21’. But some
part of the load is also carried by the blades which are also in tension (blades # 6, 8, 10,
12, 13, 15, 17, 19 and their prime counterparts). Thanks to this, the load on the bent
bottom blades is reduced significantly.

In Figure 4.17 the resulting force onto the ground is plotted over the deflection distance.
At low deflections the load onto the wheel is taken via compression of the bottom blades
as the slope increases gradually from point 0 to point 1. After this, the slope angle
increases mildly indicating a transition phase, where some of the other spokes begin to
carry some part of the load. At point 2, the blades at the side and above the hub have
now fully stretched balancing their initial curvature. As a result, they begin to take over
and become the primary load carrying mechanism. The resistance to the applied force
is now much higher, because almost the whole structure is involved in working against
it. The only exception are blades # 5, 7, 9, 11, 14, 16, 18 and their counterparts on the
other side, which are bent upwards. The ring, just like a bicycle rim, holds the tensioned
blades together transferring the force through it down to the ground.
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Figure 4.17: Resistance of the wheel when loaded in radial direction. The resulting force onto the ground
provides information of how the blades contribute in the load carrying process (compare with
Figures 4.19 and 4.20). Point 0 to 1, compression of the bottom blades. Point 1 to 2, transition
to tension of the upper blades. Point 2 to 3, the side and upper blades take all the load via
tension. Point 3 to 4, slope flattens out marginally due to a slight upwards shift of the ring at
the bottom centre. Point 4, contact with included bump stop.

In terms of structural volume (Vring + Vblades) and subtracting the upwards bent blades,
approximately 85% of the wheel structure now takes part in the load carrying process.
Based on this, the wheel can now be characterised as a top loader.

From point 2 to 3, the force increases strongly and the wheel deforms only minimally
as the tension in the blades increases steadily with the applied load. The slope of the
curve flattens out marginally from point 3 to 4, as the ring bends slightly upwards locally
at the bottom centre and lifts itself from the contact surface. This occurs because the
set friction permits that the material is pushed inwards. Finally, at point 4 the included
bump stop makes contact with the ground and the applied force is transmitted through it
directly. The load onto the wheel at 40 mm deflection is about 640 N, which matches the
requirements of 600 N for each of the four RIMRES wheels. Throughout the deforma-
tion process, stresses in the members did not exceed a value higher than 100 N/mm2 (von
Mises).

Load Case 2 - Torque

For the second load case, the deformation in the negative Y-direction was combined with
a torque along the positive Z-axis (Figure 4.21). As explained above, the BC’s permit
the movement of the hub supports but in order to have the wheel react to this torque, the
centre bottom line of nodes spanning across the full width of the ring was translationally
fixed in X and Y, permitting only side slipping. The real world scenario would be a so
called "step down/up" manoeuvre, where the rover attempts to climb a rock and only a
single grouser clings to this obstacle forcing the wheel upwards. The wheel was deflected
to 40 mm and then subjected to a torque of 127 Nm (counterclockwise).
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In Figure 4.22 it can be seen that the peak torque forces the blades to pull the ring inwards.
Due to this, the tension in the blades which have stretched by the deflection does not
increase much and the stress level stays below 100 N/mm2. From this, it can also be seen
that the torque load is distributed on the blades which are already in tension. It should be
noted that this deformed state is only due to the momentary peak torque of the drive unit
at a collision. The ring retains its radially deformed shape at normal driving torques (TN

= 33 Nm)

Load Case 3 - Side Skid

The last load case, simulating driving along the side of a slope, was also combined with
the radial deflection. The side skid force component at an angle of 30◦ (Fs = 300 N) was
applied at the rotationally centre of the wheel in positive Z-direction. To avoid slipping
this time, the centre bottom line of nodes was restrained in the Z-direction also.

Looking at Figure 4.24, one can see that the side force produces a bending moment
trying to rotate the blades. Because the blades have a high second moment of area in this
direction, they develop regions of compressive stress and tensile stress along the neutral
axis which increase linearly with distance away from it (Figure 4.18). This can be seen
at the highest stress levels at the diagonal opposite blade corners.

Figure 4.18: Engineering beam theory of a cantilever beam. Part of the beam is in tension, and the other
is in compression, passing through a zero value at the neutral axis. The distance between
the tensile and compressive regions determine the bending moment Mb. The maximal stress
level occurs at the fixed end [46] [47].

Interesting in this result is that the blades also twist (Figure 4.23). Due to the fact that the
blades are not straight but curved, the side force not only produces the bending moment
described above but also a torsional moment around the blades longitudinal axis. This
torsional moment produces an additional shear stress which superimposes with the bend-
ing normal stress. Because in this load case a force is applied in addition to the radial
deformation it is unsurprising that the stress level here are higher than in load cases 1 and
2. The von Mises stress level reaches a maximum of 260 N/mm2 which is still a factor of
1.5 (incl. FS) below the defined yield limit. It can therefore be argued that the wheel has
sufficient side stability. An attempt to derive and verify the resulting stress level using a
linear static approach can be found in Appendix A.
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Ground Contact Points

Finally, we compare the deformation behaviour of the different ground contact points
(GCP). Due to this new design, there are only two different types instead of the three for
the ExoMars wheel. Figures 4.25 and 4.26 show the 40 mm deflection of GCP 1 (direct
spoke contact) and GCP 2 (contact between two spokes), respectively. Here can be seen
that in both cases the blades bend outwards which, as explained earlier, is most important
to prevent buckling and ensure a smooth driving operation.

GCP 1 produces a long and flat base with 3 grousers making contact with the ground,
whilst distributing the wheel load evenly over the whole surface. At GCP 2 on the other
hand, only two grousers make contact with the ground and the ring lifts slightly upwards.
The wheel load will therefore be locally increased at these supports. GCP 2 also has a
slightly higher stiffness. If the wheel is loaded with the designed wheel load of 600 N,
GCP 2 will deform ≈ 3 mm less than GCP 1, which is round 7.5% for the 40 mm deflec-
tion average. Recalling the low driving speed of the rover (≤ 100 m/h), this will not be
critical as one can assume that no bouncing motion will develop.
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Figure 4.19: Tension blades variant B: Full wheel analysis load case 1 (xy-plane). The load was applied at
the centre of the wheel in negative Y-direction, pressing the ring down to the contact surface
until the included bump stop was reached at 50 mm deflection.

Figure 4.20: Tension blades variant B: Full wheel analysis load case 1 (perspective view). The load was
applied at the centre of the wheel in negative Y-direction, pressing the ring down to the
contact surface until the included bump stop was reached at 50 mm deflection.
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Figure 4.21: Tension blades variant B: Full wheel analysis load case 2 (xy-plane). The wheel was deflected
to 40 mm and then subjected to a torque of 127 Nm. The bottom centre of the ring was
restrained allowing to apply the torque (counterclockwise) at the wheels centre.

Figure 4.22: Tension blades variant B: Full wheel analysis load case 2 (perspective view). The wheel was
deflected to 40 mm and then subjected to a torque of 127 Nm. The bottom centre of the ring
was restrained allowing to apply the torque (counterclockwise) at the wheels centre.
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Figure 4.23: Tension blades variant B: Full wheel analysis load case 3 (xy-plane). The wheel was deflected
to 40 mm and then subjected to a side skid force of 300 N. The bottom centre of the ring was
restrained allowing to apply the side skid force (in positive Z-direction) at the wheels centre.

Figure 4.24: Tension blades variant B: Full wheel analysis load case 3 (perspective view). The wheel was
deflected to 40 mm and then subjected to a side skid force of 300 N. The bottom centre of
the ring was restrained allowing to apply the side skid force (in positive Z-direction) at the
wheels centre.
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Figure 4.25: Tension blades variant B: full wheel analysis GCP-1. The wheel was subjected to the de-
signed wheel load of 600 N, to allow the evaluation of the deflection behaviour for the two
different ground contact points. Compare with Figure 4.26.

Figure 4.26: Tension blades variant B: full wheel analysis GCP-2. The wheel was subjected to the de-
signed wheel load of 600 N, to allow the evaluation of the deflection behaviour for the two
different ground contact points. Compare with Figure 4.25.
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CONCLUSIONS
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5. RESULTS

5
Results

The previous investigated concepts to adapt the baseline wheels stiffness have been anal-
ysed in detail leading to a better understanding of their working principles. Additionally,
the experimental analyses of concepts 2 and 3 have disproved the previous proclaimed
functionality. Recollection of the plastic deformation problem of the baseline wheel de-
sign, including the unfavourable arrangement of the waved metal bands for concept 1,
concluded that the baseline wheel is not suited for the intention to develop a flexible
metal wheel with adjustable capabilities.

Based on the experiments performed, a new wheel design was proposed using a shear
panel concept, able to accommodate an electromechanical wheel stiffening system. With
the help of a computer based finite element analysis the non-linear deformation of the
flexible elements could be investigated. The first analysis identified a weakness in the
spokes shear deformation behaviour. Looking in detail into the displacements found by
the simulation, the problem could be verified with simplified hand calculations and by
analysis of the materials properties. In summary, forcing the shear plate to make a spe-
cific displacement develops excessive shear stresses which will cause the elements to
deform permanently.

With these lessons learned, a second design was proposed based on the tensioned spoke
wheel (bicycle wheel) in order to overcome the previously identified shear deformation
problem. The new idea with curved blades was then analysed, leading to a design which
permits large deflections ≥10% of the wheels diameter and with low stress levels by
maintaining a relative harmonic oval shape. In addition, it could also be shown that the
new design could sustain loads of high torque and side skid. In each load case the wheel
deformation behaviour was analysed and cross checked from a structural mechanics point
of view. The results found with the simulation, which achieved the best performance in
terms of deflection distance and applied load, were then used to design and construct a
new breadboard demonstrator wheel. A final CAD-model is presented in Appendix B.
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It should be noted, that for this first design the curvature of the shaped blades was not
fully defined. Accordingly, the blades in the established CAD model may well have
a slightly different shape. It is therefore possible that the manufactured blades behave
differently to those in the simulation. This needs to be tested with the new breadboard
demonstrator wheel. Care should also be taken with the selection of the material. The
concept proposed herein for the flexible elements is designed for high strength spring
steel of reasonable quality having a thickness between 0.3 to 0.5 mm and a yield limit
of no less then 500 N/mm2. This value may be able to be reduced when the tests of the
breadboard demonstrator confirm the values found in the simulations.

The achieved results and the work of this thesis have been presented at the Institute and
written down in the form of a "trade-off document" [35] and a "detailed mechanical de-
sign document" [28]. With respect to the defined objectives by DLR, it can therefore be
said that the undertaken project, to develop and to design a flexible metal wheel with an
adaptive mechanism for soft planetary soils, has been fulfilled with complete satisfaction.
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6
Discussions

In this thesis, the principle and necessity of flexible wheels used for off-road vehicles has
been studied. In particular the difference between the wheel soil interactions for hard
and soft ground conditions, stated in the literature review, have shown that a carefully
designed wheel concept for a given or expected ground condition can achieve great ad-
vantages in terms of energy efficiency and the ability to cope with rough and difficult
terrains. The focus here was on the development of systems for planetary surface opera-
tions beyond the Earth. The advantages of a rolling mobility system has been presented,
as well as the expected improvements in motion performance of an adaptable system able
to adjust its state to current conditions.

The previously investigated concepts for such an adaptable system have been assessed
and revised, which has helped to identify the requirements for the design process. Based
on the revisions, which included obtaining data through laboratory experiments, a new
design was proposed and analysed. The requirement for a new design concept was justi-
fied by showing that the former design concepts did not comply with the defined require-
ments. Using the experience gained with the baseline wheel and utilising FE simulations,
the new design was refined to improve the flexible performance, in order to sustain higher
loads whilst at the same time accounting for the desired stiffening system. This was pos-
sible by incorporating an innovative load carrying mechanism.

It must be noted, that although the presented design takes a future stiffening system into
consideration, the focus on such a mechanism should be on the implementation and the
ability to tolerate the flexible deformation of the wheel. The problem experienced with
the shear panel design and the identified cause due to the relative shift of the hub and
ring has shown, that radially implemented stiffeners would encounter the same shear-
ing problem. This relative shift will not only be present at the sides of the hub but also
beneath it at the contact point to the ground. When the ring is pressed to the surface
at a point between two stiffening elements, the downwards movement of the hub will
produce a moment trying to rotate the elements. For this reason, the supports of the stiff-
ening mechanism need to be carefully investigated, in order to decouple them from the
hub and ring, and consequently avoid shearing. This could be achieved by a dedicated
joint, which would then balance the relative shift of the hub.
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In order to refine the presented tension blade concept for the current project, or to utilise
the design to different rover missions in the future, the key variables (design factors)
should be mentioned. These are,

• The size of the hub,

• The blade and ring thickness,

• The position and number of the blades, and

• The length and curvature of the blades.

Resizing the hub can be used to either make the design stiffer of more flexible. When
the interface points of one spoke element (two blades forming the NPC arc) on the hub
are maintained at 120◦, then an increase in the hubs diameter will make the wheel more
flexible. As was presented earlier, when the supports are taken further apart with respect
to each other, the flexibility of the spoke increases (refer to section 3.3.3).

The thickness of the blades and the ring is also a vital factor in terms of the wheels
flexibility. Especially when the thickness of the ring is increased, the deflection is re-
duced as the resistance to the deformation load is raised. Additionally, the circular shape
of the wheel could be maintained for higher loads. This can be used to avoid a multi-
curved ring due to the inwards pulling force of the tension blades. The resulting stress
levels of the blades at the connection points, however, are then required to be investigated
carefully.

The number and positioning of the blades has been designed in order to achieve a highly
harmonic wheel where the stiffness, and therefore the deflection, does not change signifi-
cantly through a wheel’s turn. This is important for the overall efficiency, as every change
would increase the rolling resistance. The baseline wheel implied 3 different ground con-
tact points (GCP) with varying stiffness values through a turn of 120◦. The new design
has only 2 different GCP’s with varying stiffness through a 30◦ turn. The net effect is a
more even deflection performance and therefore a lower resistance to motion.

The most critical point of this design is the shape of the curved blades. The curvature
has not been fully defined and therefore may lead to differences to the predicted perfor-
mance. The curvature is required to be high enough in order to prevent unstable buckling
and not to deform the ring unnecessarily even at high deflections. On the other hand, the
curved length should not exceed a certain amount in order to maintain the principle of
a "top loader" when deflected. The spoke curvature of the baseline wheel for example,
does not permit the upper spokes to stretch enough in order to take on the load via tension.

Although it is predicted that the tension blade design will improve the baseline wheels
deflection and load carrying ability, the drawbacks of this design should also be stated.
The pro and contra arguments are presented in Table 6.1.
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Table 6.1: Advantages and Disadvantages of the proposed tension blade wheel concept compared to the
ExoMars baseline wheel.

Pros Cons
• Large deflection and • Lower side skid stability

large contact surface • Higher mass,
• Only 2 different GCP’s More elements,

evenly distributed by 30◦ More connection points
• High load carrying capability • Oval shape of ring

and no critical curvature requires careful design
radius when deformed

• Increased ability to take
high torques due to distrib.
on all blades in tension

• All blades have the same
form, good for manufacture

On a side note, drawing upon the results obtained, a new name was proposed for the
DLR RIMRES wheel. For the reason that this new design concept is not limited to the
RIMRES project and may be used on a different type of rover or another future mobility
system, it can be regarded as a system on its own. For later identification purposes it is
therefore proposed to term this type of concept the "DLR INFLATE wheel".

Following the concept of an adjustable wheel, like an inflatable rubber tyre, the INFLATE
wheel adjusts its stiffness via an electro-mechanical system. The effect of increasing
or decreasing the ground contact area is the same as for an inflatable tyre. Secondly,
INFLATE is also an acronym identifying the wheel as a system - INtelligent FLexible
Adaptive TEnsion-blades (INFLATE). This incorporates the intelligent sensor concept,
which will be used to determine the present ground properties during operation on which
basis the flexible wheel can then be adjusted using the included stiffening system.
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7
Conclusion

To draw upon the results and discussions presented above, the achievements of this thesis
can be summarised in three points.

1. To clarify that the previous investigated concepts do not fulfill the requirements.

2. To perform a FEA and not to rely on hand calculations and simple bending test
only.

3. To include tension blades based on the bicycle load carrying principle.

The first achievement, though obvious, may be in fact the point with the highest impor-
tance. The previous work has been examined and critically analysed, revealing major
discrepancies in the results given earlier. The test data accumulated and used for the
previous analysis was not processed according to the recommended procedure, resulting
in false values. The test setup itself did not comply with the underlying principle of the
devised concepts leading to misinterpretations and wrong assumptions. Clarifying these
issues and revising the concepts led to the decision not to pursue the solutions presented
earlier but to develop a new and more elaborate concept.

The decision to perform a computer based finite element analysis helped to clarify the
working principle of the new concept. Only with the use of a relative quick simulation,
in order to analyse the full systems behaviour, could the actual stress problems be identi-
fied in the given time frame. Though the first new concept was more sophisticated then
the previous concepts, it also revealed a major weakness. The anticipated bending prob-
lem turned out to be non-critical, however, the developing shear strain produced stresses
above the materials yield limit.

Christian Grimm - Cranfield University 93
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The third achievement was to use the information obtained from the FEA, combine it
with the well known tensioned spoke principle and to develop a working concept for the
new design, which

• Does not induce the shear strain problem,

• Enables high deflections ≥ 10% of the wheels diameter,

• Improves the load carrying performance of the baseline wheel, and

• Provides enough room for the envisaged stiffening system.

The work presented here provides a good basis for the DLR wheel development in the
RIMRES project. However, as with every new design, the assumptions and calculations
made may work in theory, but until tested in real life have no practical purpose. The
simulations performed attempt to estimate, as best as possible, the wheel behaviour in
certain situations. However, on the whole they remain estimates. The results presented
here, though looking very promising, require verification in a real world test setup. It is
therefore recommended to perform extensive testing on the DLR Landing and Mobility
Test-facility. The new developed and specifically for this test facility designed Single
Wheel Test-rig needs to be initiated and tested in order to achieve accurate test data,
which can be reproduced and to make reliable conclusions of the INFLATE wheels per-
formance.

Summarising the project and the work of this thesis in one statement. The findings were
used to design and construct a new breadboard demonstrator wheel, which when tested
successfully, will be part of a complete wheel set for the RIMRES rover. With this new
concept, pioneering new rover mission scenarios on varying soil surfaces as can be ex-
pected to be encountered on the Moon and other planetary bodies, can be undertaken.
Consequently, the DLR wheel development has made a full turn forward.
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A
Stress Level due to Side Skid

In Section 4.4.2 it has been shown that due to the side skid force the blades are not only
bend under the loading but also twisted. The following is an attempt to derive the result-
ing stress level and to verify the von Mises stress obtained by the simulation.

The overall wheel deformation is a non-linear bending problem, however, if the blades
are bent around there width rather than their thicknesses, then we deal with small deflec-
tions only and can therefore view the problem as a linear static case. In order to find the
resulting stress we first look at the blades with the highest stress level. Blades #4, 4’ and
#21, 21’ are under the highest tension loads and therefore have the highest normal stress
level. This can be see in Figure 4.25, where only normal stresses are present due to the
radial wheel deformation. Looking in particular at blade #4, it has a width w = 20 mm
and a thickness t = 0.3 mm, but we do not know the exact length of the tensioned blade as
the NPC-shape was not fully defined. We therefore estimate the length to be a = 175 mm,
via interpolation. Although the blade is in tension it remains slightly curved which leaves
an offset b = 10 mm (obtained through interpolation) from the neutral line. Due to this
offset the side skid force component acting on this blade, remembering that there are 48
blades in total, is

FsB4 =
Fs

48
(A.1)

This force produces not only the bending moment

Mb = a · FsB4 (A.2)

but also a torsional moment

Mt = b · FsB4 (A.3)

The normal stress due to the bending moment can then be found from

σFs =
Mb

Iy
z (A.4)

where
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Iy =
1

12
tw3 (A.5)

is the second moment of area in bending direction and

z =
w
2

(A.6)

the maximal distance from the neutral line of the blade. The torsional moment Mt pro-
duces a shear stress, which is given by

τFs =
Mt · t
Jopen

(A.7)

where Jopen is the torsional constant of an open section

Jopen =
1
3

wt3 (A.8)

Using equation 4.3 and superimposing the stress from the radial deflectionσW ≈ 64 N/mm2

(refer to Figure 4.25) with stress from the side skid force σFs and τFs we find

σv = σW +

√
σ2

Fs
+ 3 · τ2

Fs
(A.9)

Assuming that the interpolated length a and the offset b of the blade are good estimates,
we find

F = 6.25 N
Iy = 200 mm4

Jopen = 0.18 mm4

Mb = 1094 Nmm
Mt = 62.5 Nmm
σFs = 54.7 N/mm2

τFs = 104.2 N/mm2

and with Equation A.9 gives

σv = 64 N/mm2 +

√(
54.7 N/mm2)2

+ 3
(
104.2 N/mm2)2

= 252.5 N/mm2

This value is close to the stress level obtained from the simulation (refer to Figures 4.23
and 4.24). It can therefore be argued that the simulation provides reliable results.
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B
CAD Model
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Figure B.1: The new DLR INFLATE (INtelligent FLexible Adaptive TEnsion-blades) wheel design has a
diameter of 400 mm, a width of 200 mm and features flexible metal blades, an included bump
stop and an electronic collector ring for sensor data transmission. When loaded, the lower
blades will deform and flatten the tread of the wheel to the ground, while the upper blades
stretch and carry the load like a bicycle wheel.
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Data Sheets
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Issue 3.01  - 2006/08 

Page 1/3 

Steel 1.4310.4 
 

  EN UNS AISI LMSA 
Designation X10CrNi18-8 1.4310 S30100 301 D101 

 

Lamineries MATTHEY SA Phone +41 (0)32 752 32 32 E-mail : sales@matthey.ch 
Route de Neuchâtel 6  Fax     +41 (0)32 752 32 00 
CH - 2520 La Neuveville  www.matthey.ch 

Chemical composition (Weight %) 
Fe C Cr Ni Si Mn P S Mo N 
Balance 0.05-0.15 16.0-19.0 6.0-9.5 ≤ 2.0 ≤ 2.0 ≤ 0.045 ≤ 0.015 ≤ 0.80 ≤ 0.110 
 
In order to achieve maximum homogeneity and consistent quality, the actual tolerances on both alloy components and impurities are 
significantly tighter and more precisely defined than the standard composition indicated. 
 
Typical chemical composition for Lamineries MATTHEY stainless steel 1.4310.4 (Weight %) 
 
Fe C Cr Ni Si Mn     
Balance 0.10 17.0 6.5 1.0 1.0     

Main technical properties and features 

The tensile strengths of austenitic stainless steels are average but can be increased considerably, for certain 
types, by cold rolling. The 1.4310, X10CrNi18-8, is the most widely used stainless steel for the production of 
springs. It reaches very high mechanical strength through cold working. Its austenitic structure is rather unstable 
and its corrosion resistance is lower than, for example, that of the 1.4435, 316L, or of the 1.4301, X5CrNiMo 18-
10. An increase of the mechanical strength of the 1.4310, X10CrNi18-8, by more than 250 N/mm2 can be 
achieved by tempering at 280 to 420°C after having been highly cold worked. This tempering is interesting in that 
it also increases the fatigue strength limit. 
 
Lamineries MATTHEY SA proposes a special version of the 1.4310: the 1.4310.4. Its chemical composition has 
been adapted in order to increase the reaction to work hardening (Ni content between 6.4 and 6.6%). 1.4310.4 is 
also specially cast in order to avoid unwanted inclusions. Its austenitic structure is unstable and a high mechanical 
strength can be reached, using a significantly weaker rate of cold deformation than is the case for the 
conventional 1.4310. The stainless 1.4310.4 also offers an improved fatigue strength limit as well as a higher 
increase of the tensile strength after tempering than with the conventional 1.4310. These properties make the 
1.4310.4 highly suitable for demanding spring applications such as the manufacture of snap domes. 

Typical manufacturing range 
  Thickness (mm) Width (mm) Length (mm) 
     
Rolled products Strip in coils 1) 0.010 – 0.400 1.5 - 200.0 - 
     
 Strip as sheets 1) 0.015 – 0.400 10.0 - 200.0 100 - 3000 
     
1) Not all our production possibilities are presented here. Other dimensions or other product forms available upon request. 

Certain combinations of thicknesses and widths are not possible. 

Mechanical properties of strips 

Temper Rp0.2 

(N/mm2) 
Rm 

(N/mm2) 
Hardness 

HV 
C700 1) dead soft - 700 - 1000 170 - 250 

C1000 1) soft + skin pass - 1000 - 1300  310 - 410 
C1300 1) ¼ hard ≥200 1300 - 1500 390 - 480 
C1500 1) ½ hard ≥370 1500 - 1800 410 - 520 
C1700 1) Hard ≥490 1700 - 2000 450 - 630 
C1700 1) Springs ≥550 ≥1900 ≥ 580 

 
1) These tempers do not correspond exactly to the EN 10151 standard and are only indicative. 
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Steel 1.4310.4 
 

  EN UNS AISI LMSA 
Designation X10CrNi18-8 1.4310 S30100 301 D101 

 

Lamineries MATTHEY SA Phone +41 (0)32 752 32 32 E-mail : sales@matthey.ch 
Route de Neuchâtel 6  Fax     +41 (0)32 752 32 00 
CH - 2520 La Neuveville  www.matthey.ch 

Physical properties 

 Modulus of elasticity KN/mm2 1951 
 Poisson ratio  0.29 

Density kg/dm3 7.90 
Melting point / Melting range °C 1400-1450 

 

Linear dilatation coefficient (20-300°C) 10-6/ °C 16.8 
 Thermal conductivity at 20°C W/m °K 14.7 
 Electrical resistivity μΩcm 70 
 Electrical conductivity MS/m 1.4 
 Specific heat at 20°C J/(kg K) 460 
 Magnetic properties  Amagnetic in soft temper2 
 Permeability  μ = 1.002 - 1.004 
    

1 The Modulus of elasticity of 1.4310.4 varies slightly with the amount of cold working and depends, therefore, on 
the temper as well as the direction of measurement, longitudinal or transverse to the rolling direction. In the 
longitudinal direction, the Young’s Modulus decreases from approx. 205 kN/mm2 in the annealed temper to 185 
kN/mm2 for a cold working of about 40% (Rm approx. 1400-1600N/mm2) and then increases gradually with 
further cold working. In all cases, the tempering process will increase the Young’s Modulus and decrease its 
tendency to change as a function of cold working. 

2 The magnetic permeability increases very quickly with cold working and mechanical resistance. For the 
1.4310.4, the austenite is very unstable and a significant amount can rapidly change to α - martensite and the 
alloy will become ferromagnetic (μr reaches 6 for a cold working of 50%, Rm approx. 1600 N/mm2). 

Typical uses 
Often used for the manufacture of springs and other products requiring a good fatigue resistance such as 
switches, watch and clock components, snap domes, etc. 
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