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Development and Optimization of an Active Variable Anti-Roll Bar
A Product Development Project including Design Optimization and Material Selection
MAX GÅLNANDER, PONTUS KARLSSON

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

When a truck is driving through a corner, the body of the truck rolls with regards to the
frame. An anti-roll bar, ARB, exist on vehicles to control this rotation by contributing to
the truck roll stiffness. In the current trucks, the roll stiffness from the ARB is constant
and even though it exists variable ARBs on passenger cars there is no known solution
used on trucks.

This thesis project attempts to fill this gap and develop a variable ARB adapted for a
heavy-duty truck. The aim of the project was to develop a concept of an active variable
ARB that can change its contribution to the roll stiffness of the truck.

The main approach with the methodology was a product development process performed
in four iterations. In addition to this method, engineering optimization is applied and ma-
terial selected.

The project work has found a way to vary the contributing roll stiffness from the ARB on
a heavy-duty truck. This solution moves the attachment point where the stabilizer stay is
connected to the frame towards the centre of the truck. By doing this, the contributing
roll stiffness from the ARB is lowered without changing the characteristics of the existing
ARB. The best-suited material for the selected concept is ADI for high performance, low
weight and cost.

Keywords: Anti-roll bar, optimization, ADI, Volvo
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1
Introduction

This chapter will cover the background and purpose of the conducted research. Further-
more, the aim and scope of the project are described and the issue under investigation
alongside the limitations for the project is specified.

1.1 Background

The roll stiffness is one of many important aspects to ensure safe and efficient transporta-
tion with heavy-duty trucks. The Anti-Roll Bar (ARB) stands for the main contribution
to the roll stiffness in the rear suspension of a truck with air-spring suspension.

The ARB connects the frame with the suspension on the left and right side and acts as a
torsion spring when the body wants to roll. The ARB prevent the suspension of the wheels
on the left- and right-hand side of the vehicle to function independently from each other.
A high torsion stiffness in the ARB results in reduced body roll of the vehicle, leading to
increased traction in high-speed cornering but is less comfortable for the driver on bumpy
roads. Low torsion stiffness is wanted on straight and bumpy roads to allow the wheels
to always be in contact with the road but is negative at high-speed cornering. Because of
this, there is a trade-off between stiff and soft ARBs depending on the anticipated area of
usage for the vehicle [1].

In certain heavy-duty truck applications, there could be an advantage to actively vary the
roll stiffness of the ARB. This is a typical situation for a timber truck. A full load of
timber results in a high centre of gravity that is causing high roll moments when driving
at curvy roads. In this case, the truck needs an ARB with high stiffness to prevent the
truck from rolling over in corners. When the timber truck is unloaded, the truck needs to
reach the timber loading site, often located at the end of a rough forest road. The high
stiffness of the ARB, in this case, can prevent the truck from getting the needed traction
and ride comfort.

Active variable ARBs are known to be used on cars on the market [1, 2]. In the current
trucks, the roll stiffness of the ARB is constant and there is no known solution for a
variable ARB used on trucks. This thesis project attempts to fill this gap and develop a
variable ARB adapted for a heavy-duty truck.

1.2 Aim

The project aims to develop a concept of an ARB where the roll stiffness can be actively
selected between two levels. The project will use construction optimization to find the

1



1. Introduction

best solution on how to change between two stiffness levels. The project will produce a
CAD model of the concept for the actively varied ARB with a selected material.

1.3 Scope

The market should be examined and interviews with stakeholders will be conducted to
establish knowledge about the product and what is expected of the new product. New
concepts will be generated to cover the gap between the current state and the target. The
concepts should solve how to shift between high and low level of roll stiffness and how
this can be actively varied on an ARB. A design optimization software will be used to
find the best concept on how to change the stiffness between a high and a low level on the
ARB.

Using the right type of material is of importance to achieve desired properties in the ARB.
The product should withstand the harsh environment under the truck and the material will,
therefore, be selected accordingly. The materials in the final concept will be selected in
such a way that both fulfils requirements for performance and cost. The material in the
final concept should be manufactured and shaped with existing production methods. Since
safety is important at Volvo the material used will withstand the safety requirements at
Volvo regarding crash safety, fatigue and fracture.

1.4 Specification of Issue Under Investigation

The project is intended to investigate the following questions:
• How should the anti-roll bar be designed to allow the stiffness to be actively selected

between one low and one high stiffness level?
• What material should be used for the best performance, low cost and low environ-

mental impact?
• What parameters on the anti-roll bar is impacting the stiffness the most?
• What is the optimal solution with the selected design?

1.5 Limitations

• The project is not going to produce detailed drawings with tolerances.
• The project will not consider developing the concept to make it ready for produc-

tion.
• There will be no detailed investigation on the cost for a full production of the final

concept.
• The project is limited to the resources and computer programs provided by Volvo

and Chalmers.
• The project will avoid altering the existing layout of the truck.
• The project will not investigate how the electrical control system for the stiffness

change concept should function.

2



2
Theory

The theory chapter cover information about anti-roll bars which is important for the re-
port. It also treats a description of the material theory and construction optimization used
for the project.

2.1 Anti-Roll Bar

An ARB has the purpose to limit the roll on the vehicle. Roll is defined as the angle
between the body of the truck and the axle of the truck, see Figure 2.1. By using a stiffer
ARB the roll can be lowered and thereby allow for higher speed in curves on a levelled
surface. The problem with a stiff ARB is that when driving on a rough road one wheel
can lose traction due to that the ARB is trying to keep the axle levelled with the body.

Figure 2.1: A Schematic figure of the trucks roll angle, the springs represent the ARB
that counteract the roll moment.

Figure 2.2 shows a side view on the rear axis of a truck where the ARBs are highlighted
in blue. In this figure, two ARBs are displayed and oriented towards each other. Each
ARB is attached to one separate axle. Meaning if the truck has one rear axle there is
one ARB and if the truck has two rear axles it has at least two ARBs. It exists examples
where a truck has more ARBs than axles and this is to have an even further increased roll
stiffness. This is especially needed in applications when a dumper truck is loading a large
amount of gravel. When the dumper tilts the bed to dump the gravel, the centre of gravity
is moved upwards and backwards. In such applications, a higher level of roll stiffness is
needed to avoid the truck falling over to the side.

3



2. Theory

Figure 2.2: Side view of a rear axle on a 6x4 truck and the ARB highlighted in light blue
colour

Figure 2.3 shows the most commonly used ARB on the rear axle of Volvo trucks. This
ARB consist of two stabilizer stays, two arms and one torsion bar. When the truck rolls
one stabilizer stay is pushed down and one is pushed up. This means that the torsion bar
is twisted around its own axis and this is the basis of the roll stiffness. The rotation angle
in the bar is the same as the roll angle, φ , from Figure 2.1.

Figure 2.3: Today’s ARB from Volvo, called GRAS 2.7

2.1.1 Parts on and Around the ARB

Figure 2.4 shows the parts that are included on a rear axle of a truck. The specific truck on
the picture is a 6x2, meaning that it has 6 wheels, 2 on the front and 4 on the rear. Out of
these 6 wheels, 2 are driven. The driven pair of wheels is located on the rear axis and has
the suspension unit as seen in the figure. The important parts for the project are tagged
with a number and have their respective name in the figure. These names for the different
parts will be used in the report.

4



2. Theory

Figure 2.4: Component view of the rear suspension on a 6x2 truck

2.1.2 General Requirements on an ARB

The ARB is supposed to have a lifetime equivalent to the lifecycle of the truck. This
corresponds to around 1,000,000− 2,000,000 km in road life. Therefore the ARB is
subjected to repeated torsion and deflection which means that fatigue strength is a major
requirement for the ARB. Since the ARB is located underneath the truck it has to resist
water and dust. A critical point on the ARB is where the arm and stabilizer stay connect,
which in some truck configurations is the lowest part of the vehicle. This means that the
ARB is exposed to hits from rocks on the ground and needs toughness to avoid cracking.

2.1.3 Stiffness of an ARB

The stiffness on an ARB-system depends on several parameters: The length of the arms,
stays and bar, the cross-section area of the bar and arm, the material, the position on where
the ARB is mounted onto the axle and the frame respectively.

The stiffness of an ARB can be calculated with Brüninghaus formula, Equation 2.1. To
get the stiffness per radian of rotation or roll stiffness, one can apply formula 2.2 [3]. The
lengths used in the equations can be found in Figure 2.5.

Cs =
3 ·E ·π ·d4

32 ·
(
2 · l3

0 + l2
5 ·Ls +2 · l3

4 +3 · E
G · (l2 · l

2
7)
) [kN/mm] (2.1)

Cs,rad =
Cs ·L2

s
2

[kNm/rad] (2.2)
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2. Theory

Figure 2.5: Lengths used to calculate the stiffness of an ARB

The correlation between the parameters in Equation 2.1 can be seen in Figure 2.6. In the
correlation matrix, k is the stiffness of the ARB and as shown in the figure the diameter, d,
is the variable that correlates the strongest with the stiffness. Variable m is the mass and
does not contribute directly to the stiffness. The other variables contribute approximately
the same to the stiffness.

Figure 2.6: A correlation matrix of the different parameters in Brüninghaus formula

2.2 Problem Description

An active variable ARB will increase the traction on rough roads and increase the handling
at high speeds [4]. The desired stiffness of the ARB is to be varied between a high and a
low setting depending on the driving conditions. The stakeholder, Volvo, wants a solution
that can change stiffness level by a factor of 2. The stiffness can either be varied in
two stiffness levels or be varied actively between several stages. The active stiffness
variation can be step-less and connected to sensors that scan the driving conditions and
automatically adapt the setting of the ARB stiffer or softer. The latter is more a technically
advanced solution that might be more up to date since it can interact with all advanced
sensors in the vehicle. The former one, that only can vary between two stiffness settings
is an older type of solution but can also be more robust since there is less technology that
interacts and therefore less probability for things to break.

6



2. Theory

2.3 Existing Solutions on the Market

Today there exists no active variable ARB for a heavy-duty truck according to Volvo.
However, it does exist some solutions for passenger cars. Some examples are the Active
Roll Control from Schaeffler and the Active Stabilizer System from BWI [2, 5]. There
also exist other solutions on the market, especially for rally cars that allow a change in
stiffness by adjusting the length of the arms or turning the arms 90 degrees to adjust the
moment of inertia. Figure 2.7 shows these two designs. These designs are not active
though, instead, they need to stop the vehicle and adjust the ARB manually.

Figure 2.7: Two types of adjusting the stiffness of an ARB [6]

It exists some patents on how to achieve a variable ARB on a heavy-duty vehicle but none
have been applied to a truck on the market. This indicates that many manufactures want
to solve the same problem but none have found a good enough solution. One example
of an investigation in variable stabilizers for trucks is the master’s thesis by A. Carlsson
and E. Svensson [7]. They investigated the possibility to change the stiffness of an ARB
by applying different diameters of the bar on the ARB. The thickness is varied by having
several tubes inside each other that can be connected with splines. They concluded that
the splines intended to use in the design are difficult to design and the risk for failure is
impending.

2.4 Todays ARB and Material Theory

The current two types of ARB at Volvo trucks are the newer GRAS 2.7, see Figure 2.3,
and the older GRAS PC04. The GRAS PC04 ARB consists of a solid bar, being bent
to shape the back bar and two lever arms, similar to the ARB that can be seen in Figure
2.5. The GRAS 2.7 ARB instead consist of one hollow tube that acts as the torsion bar
of the ARB. On each side of the torsion bar lever arms are joined to the bar with welds.
The newer version, GRAS 2.7, was developed because it was not possible to bend a solid
bar with such small radius so that it both fitted between the reaction rods and could be
fastened in the mounting bushings, see Figure 2.8 of the GRAS 2.7 ARB’s position on the
truck to understand the difficulty of fitting the ARB in the available packaging space on
the truck. The packaging space is also limited by ground clearance, as indicated in Figure

7



2. Theory

2.2, the ARB is one of the components closest to the ground. Therefore, the ARB cannot
be located much closer to the ground because of the required ground clearance.

Figure 2.8: The packaging space of the GRAS 2.7 ARB underneath the truck. The ARB
is located between the reaction rods and underneath the green wheel axle. The mounting
points of the ARB to the wheel axle are yellow.

The arms of the GRAS 2.7 ARB are wrought to shape in a high strength steel, the steel
has good forming properties in its annealed state and also has the ability to be hot forged.
The result after finished processing is a material with a high yield- and ultimate tensile
strength while still retaining ductility and elongation. The selected steel also has good
weldability so that the arms can be joined together with the bar of the ARB.

The torsion bar of the ARB is a hollow tube that is manufactured from very high strength
steel. The very high strength of the material is required because of the relatively short
length of the torsion bar and the high loads it is subjected to.

The forging process of the arms increase the overall mechanical properties compared to
if the arms would have been produced from casting or machined to shape [8]. Forging
increase the strength, ductility and toughness of the material by deformation hardening
and grain size refinement [9]. Porosities are closed and defects in the material are refined
and aligned from the forging process, this generates a flow structure in the material which
result in directional properties in the finished product [8, 9]. The flow structure can also
act as a crack delay mechanism if produced properly [9].

The arms and bar of the GRAS 2.7 ARB are joined by welding. In general, welds and
heat-affected zone (HAZ) are sensitive to cracks and can act as initiation places for frac-
tures and fatigue [9, 10]. When welding, a HAZ is produced in-between the weld and the
base metal [10]. The thermal cycle of welding can alter the microstructure in the HAZ
in such way that hardness is both higher and lower across the HAZ profile compared to
the base metal [10]. The grain size also often varies across the HAZ because the welding
causes both recrystallization and grain growth [10]. The effect of the altered microstruc-
ture makes the HAZ a weak spot but the effects can be mitigated by preheating before
welding and/or post heat-treatment of the welded area depending on material [9, 10].
Welds should be placed in areas with low stresses in dynamically loaded structures to
avoid the risk of failure. To avoid welds and HAZ on the ARB in the area with the highest
stress, in the connection between the torsion bar and the arms, the welds are placed with

8



2. Theory

additional distance out from the centre of the bar to decrease the risk for crack initiation
and failure.

It can be concluded that the process of developing the GRAS 2.7 ARB to fit in the avail-
able packaging space was a complex procedure of combining design, materials, processes
and testing to verify the that the ARB would survive a lifetime on a truck with the high
loads it is subjected to.

2.5 Design Optimization

Optimization means finding the best solution within the available means [11]. Design op-
timization depends on mathematical principles where you try to find the optimum solution
to a specific problem. First, you have to set up the problem by stating the problem. The
problem statement includes the objective function with parameters, design variables and
constraints with parameters. The objective should preferably be written on negative null
form, which means that the objective is to minimize towards zero. A typical optimization
problem can be seen in Equation 2.3. In this equation f (x, p) is the function to be mini-
mized where x is the variable and p are the parameters, g(x, p) and h(x, p) are inequality
respective equality constraint.

minimize
x

f (x, p)

subject to g(x, p)≤ 0
h(x, p) = 0

(2.3)

If the problem contains two objectives that are corresponding to each other. The optimal
solutions will be spread out alongside a Pareto front. A solution on the Pareto front means
that there does not exist any solution that is better in one objective that does not make the
other worse. Figure 2.9 illustrates a Pareto front on a problem where the objective is
to minimize both objective 1 and objective 2. Each circle represent one solution to the
problem and the ones that are the optimal solutions are the ones on the Pareto front. If
choosing one of these you cant find a solution that is better on any objective without the
other objective is impaired. [11]

Objective 1

Objective 2

Pareto front

= One solution

Figure 2.9: A schematic illustration of a Pareto front on a min min problem
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3
Method

In the method chapter, the research methodology is described. The main approach is a
product development process described by Ulrich and Eppinger in "Product Design and
Development" [12] and Johannesson, Persson, and Pettersson in "Produktutveckling, ef-
fektiva metoder för konstruktion och design" [13]. In addition to this method engineering
optimization is applied as described in Principles of optimal design: modeling and com-
putation [11]. The concept development is performed in four iterations and close contact
with the engineers at Volvo is kept to make sure the product will suit its purpose. The
flow chart in Figure 3.1 illustrates the outline of the methodology in the report.

Initial study

Requirements

Concept
Generation

Concept
Devel-
opment

Update
Concepts

Screening
Final

Concept

Expert
feedback

Design
optimization

Material
Selection

Preliminary
Material

Iteration

Figure 3.1: Flow chart of the methodology outline of the report

3.1 Requirement Chart

The purpose to begin with creating a requirement chart was to get information about the
product that was to be designed. The requirement chart was made based on the methods
provided in the book by Johannesson, Persson, and Pettersson [13] and in Product Design
and Development by Ulrich and Eppinger [12]. The requirement chart consists of the
product specifications that describe what the product has to do and are based on customer
needs.

To understand the customer needs, meetings with employees at Volvo were conducted.
The information from these meetings was combined with requirements on existing parts
on the truck, especially the existing GRAS 2.7 ARB developed by Volvo together with
Kongsberg. The requirement chart is a document that was constantly revised and devel-
oped throughout the project. The requirements that were set at the beginning of the project
have to be updated when the product is tested. However, the scope of the project does not
include to make the product ready for production and therefore the final product will not
be tested in this project.
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3.2 Concept Generation

The concept generation phase was iterated several times to generate new concepts when
new information had emerged, this is done to gather as many feasible solutions as possi-
ble.

3.2.1 Brainstorming

The brainstorming was an idea generation of concepts on how to change the level of stiff-
ness in the ARB. The brainstorming was conducted both in groups and individually. The
brainstorming was conducted on two different occasions, named "Brainstorming 1" and
"Brainstorming 2". Common for these two sessions was that ideas were sketched down
on paper to quick and easy visualize the ideas.

Brainstorming 1
For the first iteration, the brainstorming began with sketching down as many solutions
as possible. This part was done by individually sketching on paper for about five to ten
minutes. Thereafter the ideas were explained in the group, and the solutions were com-
piled for further development. The other person in the group could then come with ideas
on how to further develop the concept, both by combination with existing concepts and
adding something to the concept. The group members were not to criticize the concept,
this to create a creative environment and stimulate creative problem solving [13].

Brainstorming 2
For the second iteration, different categories on how to achieve a stiffness change on an
ARB were created. Each category was then designated with five minutes each where
the group members individually tried to brainstorm and come up with as many ideas on
different ways to achieve a stiffness change within this category. The purpose of this is
to try to find new ways to change the stiffness of the ARB without implying a specific
technology [12]. It can sometimes be easier to think of solutions to a problem within a
given framework. By narrowing the problem down the intention was to find more focused
solutions with a higher level of detail and technical contribution [13].

The new solutions in brainstorming 2 were combined with the previously created sketches
in brainstorming 1 to summarize the concepts generated in the brainstorming process. The
concepts were then named and listed.

3.2.2 Elimination

All the concepts generated were summarized and screened in an elimination matrix. The
elimination matrix used in this project is described by Johannesson in "Produktutveck-
ling" [13]. This allowed for a first selection on the concept. The concepts were evaluated
in the following categories: Solves the main problem, meets the requirement on twice the
stiffness, realizable, within the cost aspects and safe which means that there is always a
roll stiffness even if the variable function breaks.

12



3. Method

3.2.3 Concept Sketching

The remaining concepts were sketched more thorough in order to get a better understand-
ing of how the concepts would work. According to Ulrich and Eppinger sketching is a fast
and inexpensive method to express ideas and evaluating possibilities [12]. The sketching
was divided up within the group and each concept. When the sketches were done they
were scanned and printed out on large paper to visualize the solutions and the key features
for every concept.

3.2.4 Construction Meeting, Concept Feedback

The construction meeting was a meeting with experts at Volvo to evaluate existing con-
cepts and create new ones. The experts are a group of experienced engineers within the
field. The engineers were presented with the problem and the sketches of the exiting
concepts. With this information, they were encouraged to give feedback on generated
concepts and asked if they could have any new ideas. With each concept, there was time
to discuss the pros and cons. The purpose of this meeting was to get feedback on the ex-
isting concepts and possibly ideas on new ones to continue with the concept development.
[12]

3.3 Concept Development - Iteration 1

The first development iteration consisted of one development phase and one screening
phase. Information about how to optimize the way of changing stiffness was gathered and
the alternatives were narrowed down.

3.3.1 Concept Optimization with modeFRONTIER

For the optimization, the program modeFRONTIER was used to get insight into what
parameters affect the stiffness of an ARB the most. The purpose of this information was
to use it to develop the concepts. This was done by evaluating the existing ARB in a
beam model in modeFRONTIER together with the pre-processor ANSA. The base of
the analysis was set up in ANSA and can be seen in Figure 3.2. The objective of the
simulation was to maximize deflection with as little variable change as possible. Torque
was applied to the roll centre and the direction of the torque around the x-axis was varied,
this simulates the roll moment of the body and makes it possible to monitor how the
ARB behaves when the load direction change. The goal is that the stiffness of the ARB
will be independent of the direction of the force. The rotation in the roll centre was
to be maximized, this rotation simulates the roll angle, φ , of the truck. The method
to calculate φ used the following process: With the model pre-processed in ANSA, the
result was calculated by Abaqus, written to a text file and read by modeFRONTIER. Then
modeFRONTIER changes the parameters and Abaqus performs another calculation, the
loop was iterated 1000 times.
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Figure 3.2: The base of the analysis in ANSA built up by variable beam elements. The
roll centre is the yellow node connected with light blue rigid links

The optimization problem for this case means was set up with modeFRONTIER. The
model is as previously described pre-processed in ANSA, the calculations are performed
in Abaqus and the optimizer is in modeFRONTIER. In ANSA, the model puts on a load,
load A. Then change to the soft setting and puts on another load, load B. The rotation
around the x-axis is calculated by Abaqus is read by modeFRONTIER. The objective is
to minimize the distance and the number of variables that change between the soft and
stiff settings. The mathematical expression for the optimization is described in equation
3.1.

minimize
x1,x2,x3,x4,x5,x6

f1(x1,x2,x3,x4,x5,x6) =
6

∑
n=1
|xn|

f2(x1,x2,x3,x4,x5,x6) =−φ(xn)

subject to Smax−500 MPa≤ 0
|δA|− |δB|= 0
|x4|− |x5|= 0

(3.1)

The following parameters and variables are used in equation 3.1

Parameters:
δpos = Deflection in load case A
δneg = Deflection in load case B
φ = Roll angle
Smax = Max stress in load case A or B

Variables:
x1 = Distance in X-direction of the connection between the stabilizer stay and the frame
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x2 = Distance in Y-direction of the connection between the stabilizer stay and the frame
x3 = Distance in Z-direction of the connection between the stabilizer stay and the frame
x4 = Length of right arm
x5 = Length of left arm
x6 = ARB arm rotation around bar

All the variables that change in the generated concepts were added to the model, to see
which variable affect the stiffness the most and to evaluate which concepts that will be
able to solve the requirement that the stiffness has to be changed by a factor of 2. The
input variables that change the model in Figure 3.2 and the referred coordinate system in
the table can be seen in the top right corner of Figure 3.2. An objective to minimize the
variable change and an objective to maximize the rotation was added. This was done to
find the least stiff solution with as little variable change as possible. The maximal stress
in the ARB was constrained to be lower than 500 MPa to avoid plastic deformation during
peak loads.

Figure 3.3 shows how the workflow in modeFRONTIER was set up for the analysis. The
green squares are the input variables and the blue squares are output variables. The op-
timization algorithm runs horizontally in the figure. The optimization algorithm used is
pilOPT which is suited for multi-objective optimization [14]. In the analysis, there are
both input constraints and output constraints. This to accommodate how modeFRON-
TIER will read the optimization. The goal was to come as close to the mathematical
expression in equation 3.1 as possible. The problem with setting constraints as an input
parameter is that the algorithm will not know until after the calculation if it fulfils the
constraint or not.

Figure 3.3: Workflow setup in modeFRONTIER

3.3.2 Concept Screening

To select concepts for the continued development, a Pugh matrix was performed as de-
scribed by Stuart Pugh in the book Total design: integrated methods for successful product
engineering [15]. The matrix ranks the concepts based on some predetermined criteria.
All concepts are compared to one concept which is set as a reference. The matrix was iter-
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ated several times with a different concept as a reference for each iteration. The iterations
stopped when the outcome from the matrices converged into the same result.

3.4 Concept Development - Iteration 2

To move on, more information about the concepts were needed. The purpose of this
iteration was to learn more about the positive and negative of the concepts and to eliminate
the least promising ones. This, in turn, will allocate more time to develop more promising
concepts.

3.4.1 FE-analysis of the Concepts

An structural FE-analysis was done to get more information about the dimensions and
how well the concepts will cope with the task. The concepts were analysed by a quick
beam model to verify if it is possible to accomplish the stiffness change with the concept
solution. Each concept was evaluated on stresses and displacements. The target was to
find out how much each concept had to change to decrease the roll stiffness by 50%.

Every concept, except one, was modelled in the pre-processor ANSA with a beam struc-
ture that represents the geometry of each concept. A rotational load was applied at an
approximation of the roll centre on the truck. This load was applied in both directions to
make sure that the concept behaves in the same way when the truck turns to the right and
left.

The Pencil, that use length change of the arms to adjust the stiffness, was evaluated by
changing the original GRAS 2.7 ARB’s arm length and bar diameter in different combina-
tions. The evaluation was done in Creo Parametrics, using the built-in FEM application,
Simulate. Creo Simulate uses the P-method to calculate the FEM results. The reason
for using Creo Simulate instead of the ANSA beam models was because a more detailed
result of the stress distribution was wanted since it was anticipated that the shorter arm
length would result in high stresses at the radius between arm and torsion bar. This would
result in permanent deformation and a fatigue fracture within a few cycles of loading.

The arm length and the bar outer diameter was varied between two different levels for the
Pencil. The effective length of the long arms were 380 mm and the short arms 280 mm.
The different bars were 70 mm for a large bar and 60 mm for a small bar. One arm was
fixed and the other arm was subjected to a load of 70 kN to represent the roll moment of
the truck that the ARB should be able to handle.

3.4.2 Screening of Concepts, Pros and Cons List

To collect the information about the concept and be able to eliminate concepts, a Pros and
Cons List was created based on information gained from the FE-analysis. What further
needs to be investigated is also listed in the Pros and Cons List. The idea is that the list
will help to eliminate the least promising concepts. [16]
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3.5 Concept Development - Iteration 3

To develop the concepts even further it was decided to design CAD models of each con-
cept in Creo Parametrics to easily communicate the ideas at a new construction meeting
and after that be able to eliminate even further.

3.5.1 Construction of the Selected Concepts

The construction began with a more careful discussion about how to design details, what
the approximate dimension should be, and package the concepts on the Truck. This was
done with a directed brainstorming on how to develop the concepts.

With the brainstorming as background, each remaining concepts were designed in the
CAD-program Creo Parametrics. Compared to a sketch of the concepts like previously,
a CAD model takes more time to create but consist of more information and will better
visualize the ideas. With the new information about how the concepts will work it was
considered positive to investigate the time to construct all remaining concepts to receive
valuable feedback from the construction meeting with the experienced engineers. [12]

3.5.2 Construction Meeting 2, Concept Feedback

Each concept was presented shortly to the whole group, this followed by a discussion
dedicated to each concept where both pros and cons were treated. The intention of the
conduction of the meeting was to get information on which concepts to eliminate. With
the concept designed in CAD, it enabled a better discussion with the experts compared to
the previous construction meeting.

3.6 Concept Development - Iteration 4

The fourth iteration of concept development involved CAD-construction of the two re-
maining concepts. This time more focus was given to investigate packaging space, mate-
rials and stresses than before. The fourth iteration ended with a final decision on which
concept to choose.

3.6.1 Detailed CAD Design of Selected Concepts

The feedback from the construction meeting enabled further construction of the selected
concepts. As previous construction, the concepts were modelled in the CAD program
Creo Parametrics. This time more focus was invested into some details and quick simu-
lations were conducted to ensure that the concepts would not break.

3.6.2 Preliminary Material Selection

The preliminary selection and investigation for material and processing of for the concepts
in this phase of the project were conducted with consultation from experts in the field at
Volvo and Trelleborg. As described in the literature for material selection, a material se-
lection for a product can be made based on evaluating what material is used in similar
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successful products [9, 13]. This approach is less time consuming compared to a thor-
ough material selection for a new component where all possible materials are screened
and ranked to get the best material candidate [9, 17]. The thorough method for material
selection was used for the final concept in chapter 3.7.1.

Material Selection for the Y-Change Concept
In this preliminary material selection for the concept, the material was selected based on
that the product should be manufactured using manufacturing techniques that are avail-
able for Volvo today. Expert competence at Volvo was consulted to evaluate how the
concept Y-change should be manufactured the best way.

Material Selection for the Spring Strut Concept
Inspiration for the Spring Strut was taken from different dampening structures, the idea
was to use some sort of dampening material in the strut. Literature suggests that elas-
tomers are among the best materials for light springs [17]. It is possible to store around
eight times more elastic energy per unit of weight in rubber compared to a spring steel
[17]. Rubber has a dampening capacity that means that rubber is dampening resonance
in application with dynamic loads [18]. Because there was a gap in knowledge about de-
signing with rubber in the project group and at Volvo, contacts with Trelleborg was made.
Trelleborg develops and manufactures rubber springs and dampeners for various applica-
tions, which is why they can be seen as experts in rubber [18]. The experts at Trelleborg
were handed information about the loads, desired deformation, stiffness and packaging
space requirements. The idea was to first investigate if rubber as a material can allow the
wanted deformation with the given loads. Thereafter look into if there is a current product
that could be used on the Spring Strut or if a new product needed to be developed.

3.6.3 Final Concept Selection

After design in CAD and feedback from Trelleborg and Volvo, enough information was
gathered to make the final selection. This enabled a final selection to be made in consen-
sus with the engineers at Volvo.

To gain knowledge about the best solution for the Y-Change concept, a topology opti-
mization for minimizing compliance was prepared. The load applied is two times the
peak load and the direction is changed to have one load up and one down to see how
the model perform should look like with changed load case. The result from the topol-
ogy optimization was interpreted into the Y-Change shape. One other requirement that
was implemented into the part at this time is modularisation, the bracket has to be able
to change for different ride heights. Since one of the main challenges with the construc-
tion is to handle all the stresses in the bracket, the CAD-model was constantly evaluated in
the program Creo Simulate so that the stresses in the model did not exceed the yield point.

Change in Condition
Based on new information about how the forces impact the truck that was discovered
during a consultation, the Y-change concept had to be redesigned. Due to time restrictions,
no new topology optimization could be implemented, instead, the focus was located to
design and analyze stresses in the new Y-Change bracket.
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3.7 Design of the Final Concept, the Y-Change

The approach for the embodiment design process was to use existing parts as much as
possible. If a part is not previously used by Volvo another manufacturer may have a sim-
ilar product to the one that is desired. This means that a lot of existing parts can be used
and by that cost reduced. Some parts had to be constructed from the beginning and made
to fit this specific application.

The final solution was designed for a 6x4 truck. The reason to target 6x4 trucks is that
most of the timber and gravel trucks have 6 axles. This is a segment that will have great
use of an active ARB since the condition of roads they operate on varies a lot. A timber
truck customer is also less cost dependent and is more prone to have extra accessories
compared to a regular long haulage customer. The rear axle installation on a 6x4 is also
the same on an 8x4 meaning the solution can be implemented directly on those vehicles
as well. The idea is to later implement the same solution for all other chassis variants.

3.7.1 Final Material Selection

The methodology for selecting material for a product with conflicting objectives proposed
by Ashby in Material Selection in Mechanical Design, [17], is used to decrease the mate-
rial alternatives and end up with fewer plausible candidates.

To narrow down the types of materials available and have a manageable selection of mate-
rial candidates, it was decided to use the software CES EduPack combined with different
material indices [17]. Volvo desires a material that is both light, stiff, strong and has a low
cost for this application. This posed an optimization and trade-off problem where CES
EduPack with database level 3 was used to select material candidates that could live up to
the requirements. The material indices were evaluated in the same procedure as described
by Ashby [17]. The derivation of the material indices can be seen in Appendix A. The
objective was to minimize mass and cost for the component. The constraints were both
stiffness limited and fatigue strength limited and the free variable was the area. Equation
3.2 and 3.3 shows the material indices used for fatigue strength limited design and equa-
tion 3.4 and 3.5 shows the material indices used to for displacement limited design.

Minimize mass ⇒M1 =
ρ

σ
2/3
u

(3.2)

Minimize cost ⇒M1C =
Cm ·ρ
σ

2/3
u

(3.3)

Minimize mass ⇒M2 =
ρ

E1/2
(3.4)

Minimize cost ⇒M2C =
Cm ·ρ
E1/2

(3.5)

The material indices were derived from the assumption that the Y-Change Bracket is a
200 mm long beam fixed in one end and free in the other, where the free end is subjected
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to a bending force. The free variable in the equations was the cross-section area of the
beam. The assumption that the area is free needs to be considered when evaluating the
material candidates since this means that in theory the area can be very small or large but
in reality, there is a limitation from the surrounding parts and interfaces. The derivation
of these indexes can be seen in Appendix A.1 and A.2. The two most important factors
for the part was a deflection less than 1− 2 mm when subjected to a load of 70 kN, that
is the stiffness of the part. The other factor was that the material should have sufficient
fatigue strength to survive the whole life of the truck. Therefore fatigue strength at N
= 107 cycles is considered as the other important factor for the material index. These
became the two constraints that the indexes were derived from. The free variable, section
area was removed from the objective equation for mass and cost. It was replaced with
an expression for section area using the equations for stiffness and fatigue strength. The
whole derivation of the equations can be seen in Appendix A.1 and A.2.

A screening was set up to screen out any materials that could not live up to the re-
quirements set by Volvo before any ranking or trade-off plots were made. These re-
quirements were: Elongation of minimum 7 % strain, fracture toughness of minimum
K1c = 15 MPa ·m0.5, durability in a saltwater environment (roads are salted on winter),
a fatigue strength at 107 cycles were set of minimum 100 MPa, maximum price were
set to 1000 SEK/kg to screen out the most expensive materials. Because of the production
volumes and the desire to achieve a near-net shape in few process steps, the casting was
selected as a viable production process for the material. A summary of all the screening
criteria can be seen in table 3.1 below.

Setting fracture toughness to above K1c = 15 MPa ·m0.5 is a rule of thumb for materials
that should handle some mishandling and survive an impact [17]. The reason to use a limit
on 7 % elongation was to allow the material to deform before fracture when subjected to
extreme peak loads. This deformation allows for some energy absorption in the part
without fracture and leaving the truck in an undrivable condition in case of a crash or
driving down into a ditch. Breaking would leave the truck in a state where it potentially
has no roll stiffness and would risk tipping over. After a severe impact, even if the truck
is not fully functional, it should at least be able to get to a safe place.

CES screening criteria Limits
Material price max 1000 SEK/kg

Elongation min 7 %
Fracture toughness min 15 MPa ·m0.5

Fatigue strength at 107 cycles min 100 MPa
Metal casting ability Acceptable, Excellent
Durability in salt water (seawater) Limited use, Acceptable, Excellent

Table 3.1: First stage screening criteria for CES

The first plot was a coupling line plot to evaluate the dimensioning constraint [17]. First
calculating the coupling constant. Five different coupling lines were created, the lines
were calculated for maximum deflections of the beam between 1−5 mm, the calculations
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and exact values on the coupling lines can be found in Appendix A.3.

The next step was to evaluate the most cost-efficient materials for the dimensioning con-
straints. After that, the trade-off plots were constructed where performance and cost for
the material were the trade-off [17]. A line with a slope equal to −1 was plotted to
evaluate the best materials where both cost savings and performance were considered as
equally important. Then lines for exchange constants were plotted in the trade-off plots,
these lines represented how much Volvo could be prepared to add in material cost if they
were to save 1 kg of material weight on the final product [17]. The exchange constant is
generally calculated from fuel-saving value and the fact that more pay-load can be added
to the truck, but other factors such as how much the customer can be expected to pay for
the weight saving also play a large role [17]. In this case a conservative estimate is done
based on values from, Ashby - Material Selection in Mechanical Design [17]. These two
lines are plotted for an exchange constant of 30 SEK/kg and 10 SEK/kg, in this case, it means
that a customer can be expected to pay between 10−30 SEK per kilogram of weight sav-
ings [17]. The two exchange constants are plotted in the same trade-off graph to compare
the materials they result in. The exchange constants also make it possible to evaluate if
there is a non-dominated solution on the Pareto front that could be better than the refer-
ence material for similar products. In this case, Volvo uses ductile cast iron, GJS-500-7.

After the screening and ranking were done in CES, documentation was searched for to
evaluate if the candidates would be better than the current reference material, GJS-500-7,
that Volvo use for similar components to the Y-Change Bracket. The search for documen-
tation was done by searching for information on the internet, in articles and literature.
Consultation with Volvo materials technology was done to confirm the material selection
and evaluate the best solution regarding cost and processing for the material.

3.7.2 Detailed Design of the Final Concept

The CAD-model of the Y-Change bracket was created in Creo Parametric. Based on the
bracket layout, the other parts could be constructed. Focus when the choosing parts were
to ensure that the parts would fit together with Volvo’s existing system. The detailed
construction also included searching for existing parts and consolidation with other com-
panies to investigate what they could offer. Contacts were made with Bosch and SKF.
The challenge here was to give the right requirements to the contacts so that the quality
of the received product is sufficient. Various internet sites were also scanned for products
that could meet the requirements.

3.7.3 Structural FE-Analysis of Y-Change Bracket

ANSA is used to pre-process the model. Included in the analysis are the Y-Change
bracket, the axles, and the reaction rod bracket. The materials that is applied to the model
have the same properties as the selected material from the material selection in CES. The
material data is loaded from the CES database into the ANSA model. The model was
meshed with the batch mesh method in ANSA. Since there are two different stiffness set-
tings that the concept should be able to handle the analysis is build up in different sets,
one set represents one load case. This means that there are 6 different sets, three on each
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stiffness setting, and on each stiffness setting the load is applied in a combination of neg-
ative and positive direction as well as the only negative and only positive direction, the
load vectors are indicated in Figure 3.4b. The load applied in the high stiffness setting,
closest to the reaction rod bracket, is 70 kN and in the low stiffness setting the load ap-
plied is 42 kN this due to that the reaction forces are lowered to 60% when the stabilizer
stays are moved 100 mm towards the centre of the truck. These values are based on the
results from a beam analysis where the difference in the section forces was analyzed by
using a controlled rotation around the roll centre for the two different stiffness settings,
that is the two different placements of the stabilizer stays. The result of this analysis can
be seen in Appendix H. Figure 3.4a below shows the meshed model in ANSA and Figure
3.4b shows where the loads are applied to the model.

(a) Meshed model in ANSA (b) Loads applied to the model, the loads
are divided into different sets

Figure 3.4: The set up of the model in ANSA

The calculations were performed in Abaqus and the results from the analysis are inter-
preted in the post-processor META.

3.7.4 Weight Calculations

A calculation was made to be able to compare the final concept with the existing ARB.
The weight for the cast parts is based on data from CES Edupack and the weight of the
parts that will be bought externally has been analysed from the CAD model [19]. Some
assumptions had to be made to be able to compare the weight of the new product and an
existing ARB. The weight for the new parts are summarized together with the existing
ARB and by comparing this with the new ARB system it will indicate how much extra
weight this variable ARB add to the truck.
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Results

This chapter will present the results generated during the project. The outline of the
chapter will follow that of the methodology chapter. The results and figures presented are
necessary for following the progress of the project in the report. Additional results, like
concept sketches, material selection plots and concepts screening matrices are presented
in the Appendix.

4.1 Requirement Chart

The complete requirement chart can be seen in Appendix B. In the requirement chart there
are both requirements and desires. Requirements are marked with an "R" and desires with
a "D". A summary of the most important desires and requirements can be seen in table
4.1. These are the ones that the concepts will be screened against in the concept screening
phase of the project.

R Fit inside available packaging area
D Alter the existing layout as little as possible
D Be able to scale down for the front roll bar. Scaleable
D Compatible with several chassis variants
R Not impact the overall safety of the truck. Failsafe
R 95 % of the ARB’s should last longer than the lifetime of a truck
R Should be able to handle maximum peak loads without plastic deformation or buckling
R Stiffness equals to 1250 N/mm±10%, in high setting
R Stiffness equals to 50% ±10% of high stiffness, in low setting
D Be able to change stepless between different stiffness levels
D Be able to change stiffness at any time, not just at 0◦ roll
R Withstand the environment under a truck
D Cost less than 5 × the existing ARB
D Weight less than 2 × the existing ARB

Table 4.1: An excerpt of the most important specifications from the requirement chart

The product has to fit inside the available packaging area and the solution should not alter
the existing layout on the truck since the cost and complexity of changing the existing
solution is too high. Since there also is an ARB on the front axle it would be beneficial if
the same concept could be used there. The solution might not be directly transferable to all
chassis since the different chassis have different setups regarding the ARB. If the solution
would fit all it will be an advantage. Since safety on the truck is regarded as important for
Volvo, the active ARB should not impact the overall safety of the truck. Meaning that if
the active function on the product would break there should always exist a roll stiffness
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from the ARB that prevents the truck from rolling over. The desired change in stiffness
is as previously mentioned 50 % of the high stiffness setting. It would be an advantage
if the solution could change stiffness stepless and at all times. Since the environment
underneath the truck is harsh because of the truck driving in varying climates and on
different roads the ARB should be able to withstand it all, meaning that no dirt, water, or
snow should be able to impact the solution. The cost of the solution should not exceed
five times the cost of the existing ARB, this is an estimate from Volvo based on how much
a customer is willing to pay for this solution. The weight should not exceed the double of
the existing ARB to not impact fuel consumption too much.

4.2 Concept Generation

The concept generation consists of an iterative process with brainstorming, elimination,
and sketching. This chapter includes a description of each sketched concept. In total 10
concepts were sketched and brought to a construction meeting for feedback. The feedback
from the engineers made it possible to eliminate two more concepts.

4.2.1 Brainstorming

The brainstorming resulted in numerous concepts with a focus on solving the problem:
varying the roll stiffness of the ARB. All of them might not be realisable. But at this
stage, the focus is on developing ideas that can be further developed and inspire to non-
obvious technical solutions. The brainstorming also gave insight into how complex the
problem is. Solutions were invented that had two different degrees of stiffness but not
all of these could change between these two levels. Only a few were invented that both
were able to set to different stiffness levels and also change between these levels. The
concepts that were developed during the brainstorming were named and taken further
into an elimination matrix.

4.2.2 Elimination of Generated Concepts

The elimination matrix can be seen in table 4.2. The concept that ended up with a "+"
will be developed further and the ones ended up with a "?" will be sketched in more detail
to get a better understanding in how the concept works. The reference concept in table
4.2 is the ARB evaluated by A. Carlsson and E. Svensson in their master’s thesis [7]. The
elimination matrix resulted in that the Cradle, the Composite strut, the Crane, Double
Pipes and the W are removed. The rest of the concept are developed further.
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Reference + + - Not as it is now, develop? -
The Extra strut + + + + + +
The Leaf spring + + ? + + Develop further +
The Waist + + + + + +
Chebyshev + + + + + In combination with another concept +
The Cradle + - Not as it is now, develop -
Bike spring + + + + + +
Rotating disc + + + + + Develop to combining with other concept +
The Piston + + + + + Combine with Chebyshev +
Double pipes + ? ? + + -
Crane ? ? + + + -
Pencil + + + + + +
I-Beam + + + + + +
Composite strut ? + ? - -
Engine + + ? + + Calculate and search internet ?
The W + ? + + + -
Double arm + + + + + +
The wire ? + ? + + Develop ?
The rotating arm ? + ? + + Fatigue problem? Develop ?

Table 4.2: Elimination matrix

4.2.3 Description of Concepts

Below follows a short description of every concept, sketches of every concept can be seen
in Appendix C. The sketched concepts resulted in a deeper understanding of how the con-
cept work, what part that moves to reach the desired change in stiffness.

The Extra Strut
This concept builds on the idea of adding one extra strut on the arm that can be turned
on and off. When the extra strut is turned on it is stiff, this means the arm on the ARB
is shortened and thereby the stiffness is increased. When the Extra strut is turned off,
meaning the strut is soft, the ARB depends on the existing stabilizer stay which is attached
further out on the arm. This means that the ARB will have a softer setting. A sketch of
the Extra strut can be seen in Figure C.1.
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The Spring Strut
This concept has one stabilizer stay on each side and these stabilizer stays can be turned
on and off, when they are turned on the ARB acts like a normal one but when the stabilizer
stay is turned off and is soft the load goes through a spring instead that can take up all the
load. This will lead to that the ARB will be softer. Figure 4.1 shows a sketch on the idea
of the selected concept.

Figure 4.1: A sketch of the Spring Strut

The Spinning Disc
This concept moves the position where the stabilizer stay is attached to the arm. By mov-
ing the connection point, the arm will get shorter and this will lead to shorter leverage
and therefore less movement in the bar. There is a disc located at the base of the arm,
a linkage is attached to this disc and when the disc rotates the linkage moves the point
where the stabilizer stay is attached to the arm. Figure C.3 shows this concept.

The Pencil 1 - Chebyshev
The name pencil comes from that the movement mechanism in this concepts has similari-
ties with the clicking mechanism a pencil, that locks itself in the outer and inner position.
Similar to the Spinning Disc this moves the point where the arm and stabilizer stay is
connected. One actuator pushes a cylinder horizontally on the arm. This cylinder is con-
nected to a linkage that has replaced the stabilizer stay. Figure C.4 shows the principle of
the linkage, it is inspired by a Chebyshev linkage [20], which enables movement along a
straight line.

The Pencil 2
Similar movement mechanism as in the Pencil 1 but instead of having a linkage as a stabi-
lizer stay this one have just one standard stabilizer stay on each side but the attachment to
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the arm is curved so that the ARB does not need to rotate around the bar when changing
stiffness. Figure 4.2 shows a sketch on the concept.

Figure 4.2: A sketch of the Pencil 2

The Extra arm
The Extra arm consists of one regular ARB but alongside the arm, there is another arm
attached to the bar. This extra arm has a higher stiffness than the existing arm and can be
connected with the existing arm. By connecting it with the existing arm the two arms will
work together and create an even stiffer arm. Figure 4.3 shows an idea of the principle
with a pin that locks the arms together.

Figure 4.3: A sketch of the Extra arm
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The Leaf Spring
The Leaf spring concept build on the idea that combining two leaf springs that are angled
toward each other will create a progressive stiffness for the ARB. Figure C.7 is a sketch
on how the system will work. When the spring deflects, the endpoints of the leaf springs
will travel on two different rotation curves. Initially, a low force will create displacement,
but since the leaf springs counteract each other, further displacement will require a sub-
stantially higher force.

The I-Beam
The idea is that the arm can change its second moment of inertia. This is achieved with
placing two plates with an air "pillow" between. When air is inflated to the pillow the dis-
tance between the two plates will increase and thereby also the second moment of inertia.
How the arm is supposed to take up shear stresses is a problem that has to be investigated
further. A sketch on the idea of the concept can be seen in Figure C.8.

The Waist
The Waist has two parallel leaf springs instead of a regular arm. The stabilizer stay is
attached to the one at the top. These two springs are connected with a waist that can
slide alongside them. By sliding further out on the arm the waist allows the arm to work
together to create a stiff arm. When the waist is as far towards the bar as possible only the
top leaf spring carry the load and by this the ARB is soft. The Waist can be seen in Figure
C.9.

The Wire
The Wire concept has the idea that steel wires are good at handling tensile stress. The
concept was inspired by the way wires are used in sporting equipment, such as cycling
shoes or skiing boots, to stiffen the structure when tensioning the wires. By using a more
ductile base structure and adding wires that can be tensioned and stiffen the structure the
arms of the ARB can be set to be stiff or soft depending on the tension in the wires. It has
to be one wire on the top and one wire on the bottom of the arm to handle stresses in both
directions since wires only can take stress in tension. Figure C.10 illustrates the idea.

4.2.4 Construction Meeting, Concept Feedback

The session with the engineers resulted in new insight into the robustness needed in the
concepts. The concept called The Extra strut, see C.1, was considered interesting for
development but insight about the behaviour from parallel stabilizer stays in deflection
was gained from the group. The stabilizer stays will deform by different amounts be-
cause of the way they are mounted on the arm. The structure will self-lock, act as a truss
and become very stiff. This was noted for further development of The Extra strut. The
meeting also resulted in one new concept that moves the points where the stabilizer stays
are attached to the frame. These points move in a lateral direction towards the centre of
the truck to reduce the vertical deflection going into the ARB. This concept was inter-
esting to investigate in modeFRONTIER and will be further described in the following
section 4.3.1. This idea set the foundation for the concept that eventually would become
Y-Change.
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The construction meeting also generated further development of the concept Extra arm,
the concept was idea was to use brake caliper and brake pads on the arms to easier attach
and detach the added stiffness from the second arm. Another idea was to combine the
Extra arm concept with additional torsion bars, the diameter of the torsion bar affect the
stiffness, and using a drum brake to attach or detach the tubes from each other. These
concepts are described in section 4.3.2 and more sketches can be found in Appendix D.

The I-Beam as it was described in the previous section 4.2.3, was regarded as a not realiz-
able concept because it consisted of many different parts and would have problems being
subjected to shear forces. The concept mentioned in the Theory 2 with a rotating arm also
use the moment of inertia to change the stiffness by rotating an I-beam. Therefore the
Rotating Arm is merged with the I-Beam concept and replace the previous I-Beam.

The group of engineers raised a concern with some of the concepts. A desire from the
engineers was to keep any alterations of the ARB stiffness away from the area with the
highest torque, near the torsion bar of the ARB. The area where the arms connect to the
bar is the area with the highest stress levels and therefore this spot is a weak link and it
will be tough to keep the solution intact.

4.2.5 Concept Elimination

Two of the concepts were eliminated before further development. The elimination was
based in the on the feedback from the construction meeting. The Wire concept was per-
ceived as too complicated and consisting of too many moving parts to make it robust.
To make the Wire concept robust it was decided that too much time would be needed to
develop it.

The Leaf spring concept would be interesting to investigate if it would be possible to
activate and deactivate the stiffness in the leaf springs. The progressive anti-roll behaviour
of the concept was perceived as unwanted from the perspective of predictability of the
vehicle behaviour.

4.3 Concept Development - Iteration 1

The first iteration of the concept development explores the design space with optimization.
This creates one new concept, the Y-Change. The iteration continues with developing the
existing concepts and merge them with the newly created ones. The iteration ends with
a screening of the concepts where two concepts are removed and the insight that more
information about the concepts is needed to continue the development.
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4.3.1 Concept Optimization with modeFRONTIER

Figure 4.4 shows all the feasible designs from the optimization in one bubble-chart. The
x-axis in the graph indicates how large the roll angle is with the given change and the
y-axis indicates how much the variables have changed from the original design. The
colour on each bubble represents the stresses in the designs. In the figure the Pareto front
with the optimum solutions is clear, meaning that the rotation and amount of change are
contradicting each other. There is no clear best solution in the diagram, this is because
all the solutions are along with one even curve without a knee. This means another chart,
more constraint, or more data is needed to choose the best design.

Figure 4.4: Bubble diagram with all feasible solutions, the x-axis is the roll angle φ , and
the y-axis is how much the concept have changed, the colour indicates the stresses in the
solution

Figure 4.5 shows all the solutions on the Pareto front with all the input parameters, ob-
jectives, and constraints. "Objective65" in this graph is the objective to minimize the
change as much as possible. The colour on each line represents how much the ARB ro-
tates around the roll centre. As a reference, the base model, that is an unchanged model,
have a rotation of 0.078 radians. This shows that to get the least stiff design with the min-
imum change on all parameters one should have a design that moves the upper mounting
position, where the stabilizer stays connects with the frame of the truck. The direction
of movement is towards the centre of the truck, that is the Y-direction. The analysis also
shows that the arm length is important for the stiffness of the ARB.
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Figure 4.5: The Pareto designs in a parallel coordinates-chart, each line shows the values
of one solution on the Pareto front

Based on this result and previously gathered information from the construction meeting it
was decided to generate a concept where the stabilizer stays upper connection moves in
the Y-direction toward the centre of the truck.

4.3.2 Concept Development, Generation 2

Table 4.3 shows a summary of the remaining and new concepts after the elimination and
optimization. Further below each concepts are described in detail.

Concept Status
The Spring strut Developed
The Extra arm Developed
The Extra strut Developed
The Waist Unchanged
The Rotating arm New
The Y-Change New
The Pencil Developed from Pencil 1 and 2 and Rotating disc
The Engine New
The Planetary gear New

Table 4.3: The remaining concepts after the first screening and development

The Spring strut
Two vertical stays and several parallel glass fibre leaf springs connected between the stays,
instead of one coil-spring and one strut, this is illustrated in Figure 4.6. It is inspired
from the bicycle suspension from Lauf Cycling [21]. The leaf spring stays can be locked
together with an actuator and by that be stiff and act as a regular solid stabilizer stay.
When the lock is released the force goes trough the glass fibre springs and the Spring
strut is soft and affect the ARB system to become soft.
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Figure 4.6: New solution of the Spring strut with glass fibre springs in blue

The Extra arm
The Extra arm has several options, one extra arm, or to have an extra torsion bar. Meaning
one extra bar over the existing bar that connects to the arms, the larger diameter of the
torsion bar increases the stiffness of the ARB. The extra bar can be locked together with
the existing bar to increase the stiffness. The idea was to use a drum brake to attach or
detach the tubes from each other. There are also several options on how to connect the
arms. It can be done by a locking pin or a brake. The concept idea was to use brake
calliper and brake pads on the arms to easier attach and detach the added stiffness from
the second arm. Figure 4.7 shows a sketch on how the locking mechanism could look
like with a pin. More sketches on the concepts using extra bars and brake callipers can be
found in Appendix D.

Figure 4.7: The further developed Extra arm concept with a locking pin between the stiff
red arm and the softer blue arm. The stays attachment point is in the softer blue arm
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The Extra strut
The Extra strut is developed to have two lockable stabilizer stays on each side instead
of just one. In this new version, only one strut at each side of the ARB is activated at
the same time. Either in the soft or the stiff setting. By adding one more flexible strut,
the system is no longer able to become self-locking and thereby become very stiff as was
pointed out at the construction meeting.

The Waist
The Waist is unchanged since the previous development, see section 4.2.3 for a descrip-
tion of how the concept works.

The Rotating arm
The Rotating arm have replaced the I-Beam. The concept builds on the principle of chang-
ing the moment of inertia on the arm. This is done by having an I-beam as the arm and
to achieve a softer setting rotate the arm 90◦ axially. It is similar to the variable ARB’s
found on rally cars which can be seen in Figure 2.7 in chapter 2. One main uncertainty is
how well this concept will handle repeatedly high loads in the soft setting without failing
from fatigue.

The Y-Change
The Y-Change has got its name from that the stabilizer stays connection to the frame
change in Y-direction, that is they move towards the middle of the truck to lower the
stiffness of the design. Figure 4.8 shows a schematic sketch of the concept.

Figure 4.8: A sketch of the Y-Change concept. The thick blue lines indicate the position
of the stays and dotted lines indicate the alternative position of the stays

The Pencil
The Pencil is a combination of the previously developed concepts that were similar to
each other, that is the Pencil 1, the Pencil 2, and the Rotating disc. All these concepts
build on the principle of changing the length of the arm by moving the attachment of the
stay to the arm. Therefore a combination of these concepts was developed to ease the
development process.

33



4. Results

The Engine
Borrows the concept from Schaeffler where they have put an electrical motor at the mid-
dle of the bar on the ARB [2]. This would be interesting to investigate since it is the most
active system of all the concepts. The main question is how large the motor and gearbox
have to be to handle maximum peak loads.

Planetary gear
The idea is similar to the Engine but without an electrical motor, that is just to have a
planetary gear on each side of the bar that can shift down or up the movement that’s
inputted into the ARB bar from the arms, a sketch of the idea can be seen in Appendix D,
Figure D.6. There is however an uncertainty if and how exactly this will work.

4.3.3 Screening of Concepts

The Pugh matrices 1 and 2 can be seen in Figure E.1 and Figure E.2. Pugh 1 resulted in
that the Engine and the Planetary gear were removed. This mostly due to a high price
and problems with packaging space to allow for ground clearance. This means that the
improvements an electric motor can give with improved active stiffness do not count for
the negatives. The Extra Arm concept with torsion bars connected with a drum brake was
eliminated because of the curvature of the torsion bar. It was regarded as difficult to as-
sembly and package in the available space. The Extra Arm with brake callipers were also
considered difficult to package. Pugh iteration 2 resulted in lots of 0’s and therefore the
conclusion was made that more development is needed to make a decision which concepts
to continue development on.

This means that the remaining concepts that after the concept screening are:
• The Spring strut
• The Waist
• The Y-Change
• The Rotating arm
• The Extra arm
• The Extra strut
• The Pencil

4.4 Concept Development - Iteration 2

For the second concept development iteration, an FE-analysis of the concepts was made
and this analysis gave a better insight into what the concepts are capable of and how much
stiffness change could be anticipated. The result is summarized in a pros and cons list that
screens out the least promising concepts.

4.4.1 Structural FE-Analysis of the Concepts

In the section below the result from the beam analysis is presented. Figures with the re-
sults from the analysis can be seen in Appendix F.
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The Spring strut
The spring needs to have a stiffness of around 1000 N/mm for the ARB to be stiff enough.
The total displacement will then be approximately doubled. One question that remains to
be answered with the concept is if the spring should have a deflection to accommodate the
whole roll angle of the truck, or if it could be allowed to flex 50 mm and then act as a solid
stabilizer stay if the spring bottoms out and let the ARB take the remaining deflection.

The Waist
The Waist have a problem with achieving the stiffness change according to the beam anal-
ysis in ANSA. It is also questioned whether the concept is strong enough because of the
lack of material between the two bars. This will have to be investigated further.

The Y-Change
The stabilizer stays need to move around 100 mm in Y-direction to achieve the desired
change in the ARB. The positive thing with Y-Change is that the stress is decreased which
means that there will not be any problem for the ARB to manage the loads. The stiffness
change also takes advantage of the new roll angle that the smaller distance between the
two stabilizer stays create.

The Rotating arm
Regarding displacement, the I-Beam can handle the needed change by having the dimen-
sions of 20 mm × 40 mm on the arm. This provided that the bending is taking place the
whole arm. The analysis shows that to minimize stresses in the arm, the arms should be
rotated in opposite directions.

The Extra arm
With the extra ARB attached close to the stabilizer stay and arm connection, the stiffness
can be doubled. The analysis shows that by adding a stiffer arm to the weaker arm there
is a lot of added stress at the end of the weak arm. With repeated loads, there could be a
problem to make the weak arm manage the fatigue stresses that will occur at the end of
the arm.

The Extra strut
The analysis shows that the concept could work with the extra stabilizer stay attached at
the same place in the frame as the existing but attached further in on the arm. The maxi-
mum stress appears in the arm. However, there still is a lot of torsional stresses in the bar
in the low stiffness setting compared to the high stiffness setting. This could depend on
that the triangle created between the two stabilizer stays and the arm has stresses between
each other and together they work to stiffen up the construction. This triangle might in-
hibit the functionality of the ARB.

The Pencil
The original stiff ARB has long arms, 380 mm, and a large bar diameter of 70 mm. If the
arms are shorter on this configuration the ARB becomes even stiffer, which not is desired
here. Although, an analysis was performed on these configurations and the results can
be seen Figure F.13 that represent the high stiffness and in Figure F.14 that represent the
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even stiffer setting with less deflection.

The 70 mm bar with long arms analysis is done as a reference since this configuration
is used on the truck and this configuration is working. The long arm analysis, in Figure
F.13, shows that the stress in the highest spot was 1390 MPa and around 800−900 MPa
in general over the bar. The deformation in the arm is 60 mm.

A smaller diameter 60 mm bar was needed to get a combination between arms and bar that
have the high stiffness setting with the short arms and the possibility to half this stiffness
by increasing arm length to long arms.

Short arms and small bar diameter represent the high stiffness setting. The result of the
analysis can be seen in Figure F.15 In this setting the stress in the bar reaches 1200 MPa
in the maximum spots and around 900 MPa on average. This is around the same as for
the 70 mm bar and long-arm configuration in Figure F.13. The deflection is 54 mm in the
arm.

Long arms and small bar diameter represent the low stiffness settings. The result of the
analysis can be seen in Figure F.16. In this setting, the stress in the bar reaches 1500 MPa
in the maximum spots and around 1100 MPa on average over the torsion bar. The deflec-
tion is 100 mm in the arm and is around the double of the short arm configuration.

Compared to the 70 mm bar and long-arm configuration the stresses are in general around
300 MPa higher, or around 20 % higher. So this solution needs to be evaluated in a better
FEM software with a more accurate model to evaluate the severity of the stress but it is
concluded that it has some potential since it achieves to change the stiffness by half and
is not completely deemed to fail.

4.4.2 Screening of Concepts, Pros and Cons List

This screening is based on the Pros and Cons List that can be seen in Appendix G. The
result from the Pros and Cons List is that the Waist, the Extra Strut and the Rotating arm
are removed. The reason to remove the Waist is that according to the analysis it is hard to
achieve the desired stiffness change. The Extra strut is removed because of uncertainties
on the functionality and also because it is another way of changing the length of the arm.
Meaning that the solution can be included in the Pencil. The Rotating arm is removed be-
cause of the uncertainty in fatigue and problems to fit within available packaging space.
The packaging space problem for the the Rotating arm depends on that all the moving
parts are located at the place where the stresses are high, and the available packaging
space in this area of the truck is also very limited. It is anticipated that the mechanism
that allows for the arms to rotate will clash with the reaction rods on the sides.
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This means that the remaining concepts after the Pros and Cons List are:
• The Pencil
• The Spring Strut
• The Y-Change
• The Extra Arm

4.5 Concept Development - Iteration 3

The third iteration with concept development. CAD models of the concepts are created
and presented at the construction meeting. The feedback from the construction meeting
results in an elimination of rejected concepts.

4.5.1 Detailed CAD Design of Selected Concepts

Figure 4.9, 4.10, 4.11 and 4.12 shows the constructed CAD models of the concepts. The
Pencil concept have its actuators that moves the stabilizer stays connection to the arm.
The idea is that the stabilizer stay will be able to slide inside the track in the arm.

Figure 4.9: The Pencil concept, the stabilizer stay can be moved on the arm to change
the stiffness.

The Spring strut was brainstormed one more time since it was not clear on how the final
Spring strut should look like. The spring function was moved around in the area around
the stabilizer stay and the reaction rod bracket. Inspiration was taken from Lauf bicycles
glass fibre leaf spring bicycle fork suspension [21]. Another concept was inspired by a
so-called springer fork from old motorcycles. The last idea was to use a torsional spring,
that is created by using a lever arm and a torsional tube and attach it in the reaction rod
bracket. The concept with the torsional tube could also be used with a rubber bushing
instead of a steel torsional tube, this a suspension configuration used on some car trailers.
This was decided as the concept with the most potential and can be seen in 4.15.
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Figure 4.10: The Spring strut concept, a torsional rubber spring that can be locked by a
locking pin in one of the holes.

The Y-Change concept have a ball screw that can translate the attachment of the stabilizer
stay in Y-direction. The idea is that an electric motor will turn both ball screws at the
same time. Figure 4.11 shows the concept mounted on the cross beam of a truck.

Figure 4.11: The Y-Change concept, a ball screw moves the struts towards the centre of
the truck to decrease the roll stiffness.

The Extra arm concept, seen in Figure 4.12, has an insert that is riveted in a slot on the
arm close to the bar. The insert can be locked together with the arm by a locking pin to
increase the stiffness of the arm. Because of packaging space reasons, it was not possible
to fit a second arm on the torsion bar and still have sufficient clearance to the reaction rods
this is why the extra arm had to be inserted in a slot.
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Figure 4.12: The Extra arm concept, a locking pin can connect the two arms and thereby
stiffen up the arm

4.5.2 Construction Meeting 2, Concept Feedback

The feedback from the meeting was that the engineering team liked the concept with the
Y-Change and how it changed the stiffness, the team also appreciated that the solution was
not located close to the ground of the truck. The feedback was that the Y-Change concept
that was presented, see Figure 4.11, had the upper mounting points too far inside of the
truck. The upper mounting points for the stabilizer stays should be further out against the
sides, toward the reaction rod bracket where they are located originally and can also be
seen in Figure 4.11. There was also concern that the middle bracket where the ball screws
are mounted was going to interfere with the prop shaft between the first and second axle
on 6x4 trucks.

The group were concerned that it would be too costly to solve the tolerances that The
Extra arm need to have when manufacturing a slot in the arm and to fit an extra piece of
metal there that also require tight manufacturing tolerances, see Figure 4.12. Also, mak-
ing the extra stiffening part of steel in the middle to be activated and deactivated with a pin
was regarded as undesired. The general feedback was that there is an imminent risk that
water, dirt and salt from the road can build up in the slot and cause corrosion. Concerns
about the fatigue strength of the arms were raised for when the middle piece of steel is
de-activated in the soft setting.

Remaining Concepts after Construction Meeting 2
The feedback from the construction meeting and previously known about the concepts
resulted in that the Pencil and The Extra arm is removed. This means that the remaining
two concepts are:

• The Y-Change
• The Spring strut

4.6 Concept Development - Iteration 4

This chapter shows CAD models of the two reaming concepts, the Y-Change and the
Spring strut. This iteration also describes the conclusions that were drawn from contacts
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with external experts. The iteration ends with a description of the result from the final
concept selection.

4.6.1 Design of Y-Change and Spring strut

During the brainstorming session on how to develop the Y-Change concept, an idea that
was generated is to mount the axles directly in the reaction rod bracket. The reaction rod
bracket could support a sliding mechanism and at the same time support, the stabilizer
stays. The idea is that the axles are mounted on linear bearings so that the axle itself can
slide in and out of the reaction rod bracket to change the y position of the stabilizer stays.
Both solutions can be seen in Figure 4.13. The brake cylinder in Figure 4.13a was an
idea of how the Y-Change could be activated with parts available in-house to start testing.
It was anticipated that the brake cylinder could provide the necessary force required to
move the mechanism. However, the cylinder could not fit in the limited packaging space
when the mechanism was fitted in the truck assembly. As another solution to change y
position, a mock-up ball screw and electrical motor were fitted as seen in Figure 4.13b.
The solution was FEM simulated in Creo Simulate and it was found that with a vertical
load of 70 kN the axle deflected with 2 mm and had stresses of 700 MPa in the most
affected areas. The deflection means there is an impending risk for the yellow axle to
seize in the brown bearing bushing in Figure 4.13b.

(a) The solution with a brake cylinder as lin-
ear drive.

(b) The solution with a electric motor and
ball screw as linear drive.

Figure 4.13: Both versions of the Y-Change solution without a support but from different
angles. The axles slide in and out linear bushings in and out of the reaction rod bracket.

To decrease the stress and deflection extra support was needed, two concepts were created
to fix this problem. Figure 4.14 shows the two alternatives of the Y-Change concept. The
alternative in Figure 4.14a have attached the bracket to the reaction rod bracket and whilst
the alternative in Figure 4.14a have attached the bracket to the cross beam instead.
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(a) Y-Change alt. 1, the bracket is attached
to the bottom of the reaction rod bracket.

(b) Y-Change alt. 2, the bracket is attached
to the cross beam.

Figure 4.14: Both versions of the Y-Change with a bracket concept. The axles are fixed
and the stays slide on the axles to the new position.

Figure 4.15 shows two alternatives of the Spring strut concept. Both versions have rubber
inserts that will work as a spring. The left stabilizer stay has a lever with a rubber insert,
the idea is that it will be fixed by an axle in the rear hole and with a locking pin, it will be
able to lock the spring in the other hole. The right stabilizer stay can flex in the stay.

Figure 4.15: The Spring strut concept with two alternatives, one stay has a rubber spring
on it and one have a rubber spring connected with a lever

4.6.2 Preliminary Material Selection

Material Selection for the Y-Change Concept
Volvo wants to reduce the number of components in the assembly, this is in accordance
with DFA and to manufacture the part to as low cost as possible. For complex-shaped
products, casting is a commonly used production method at Volvo. Since the Y-Change
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is large but could be made slimmer with reinforcements, casting is consequently regarded
as the best production method. Alternatives such as machining and welding components
together are less cost-effective because of the added production steps. Welds are also, as
mentioned in the theory chapter 2, problematic in dynamically loaded structures. Since
the microstructure is affected, they are susceptible to cracks and failure [10]. Welds are
hence wanted to be avoided. Metal casting is, therefore, a cost-efficient alternative at the
expected production volumes, according to Volvo.

The material often used in cast components similar to the concept Y-Change is a ductile
cast iron (DI) material, GJS-EN-500-7 this is therefore selected as a preliminary material
for Y-change and is used as a reference in the future thorough material selection for the
final concept in section 3.7.1.

Material Selection for the Spring Strut Concept
After contacts with experts in rubber suspension at Trelleborg, the Spring strut was writ-
ten of. The main takeaway from the consultation was that the available space is too small
to design a rubber bushing that can handle all the loads and at the same time have the
required stiffness and the given deflection.

Although, rubber is a material that can withstand long elongation before fracture and
much deformation in compression. The conclusion from Trelleborg was that the part
could be produced in rubber but that a larger section area was needed in order to allow
for the deflection and to have the specified stiffness of 1000 kN/mm. Since the elastic
modulus of rubber is around 100,000 times lower compared to the elastic modulus of steel
[18]. The Spring strut has to be compensated with more section area to have the required
stiffness. Consequently, the available packaging space limited The Spring strut to be
constructed with the required stiffness and it was eliminated from further development.

4.6.3 Final Concept Selection

The material investigation in previous section 4.6.2 resulted in the elimination of the
Spring strut. This means that the remaining concepts are three different variants of Y-
Change. Y-Change with a new bracket in the cross beam, Y-Change with a new bracket in
the reaction rod bracket and Y-Change without any bracket. After consultation with Volvo,
it was decided to create a combination of Y-Change in the cross beam and Y-Change in
the reaction rod bracket. This is motivated by connecting the new bracket into two places
the loads on the attachments are spread out and this leads to lower forces on the cross
beam. The plain bearings in the solution without a bracket have to be able to handle large
torques and forces and also enable the axle to slide. None such application today can be
found and this is the reason to eliminate this solution.

The Combination
The combination of the two Y-Change concepts can be seen in Figure 4.16. The layout
of the new concept is called the Y-Change Combination and is a result of topology opti-
mization. The result from the topology optimization shows where to place the material to
have the best combination of a lightweight and stiff construction. With this information,
a CAD model of the Y-Change Combination bracket could be designed in Creo Paramet-
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rics. This model of the concept, see Figure 4.16a, is designed to be manufactured in cast
iron since that is the preliminary material that is selected for the product. To make the
part adapted for casting, its designed not to have any hidden surfaces and the parting line
of the casting mould is located in the middle, between the axles from the top to the bottom.

(a) The Y-Change combination bracket in a
sub-assembly with the stabilizer stays.

(b) The Y-Change combination bracket
mounted on the truck between the cross
beam and bottom of the reaction rod bracket

Figure 4.16: The Y-Change combination bracket in sub-assembly and assembled on the
truck.

Change in Condition
After a meeting with Volvo, that took place after the Covid-19 lay-off was resolved, new
information about the load case came up that meant that the bracket had to be redesigned.
The theory was that the concept in Figure 4.16b would stiffen the whole frame structure
in an undesired way, by connecting the reaction rod bracket and the cross beam. If the
bracket would be mounted like in Figure 4.16b, there is a risk that when the truck rolls,
all forces will travel through the new bracket to the cross beam. This is not desired from
Volvo since the cross beam is not designed to handle such loads. Due to time restrictions,
no new topology optimization could be implemented, instead, the focus was located to
design and analyze stresses in the new bracket.

A major change in the conditions for the concept development limitations also changed.
Earlier it was desired from Volvo not to alter existing components or alter as little as pos-
sible, therefore only 3 bolt holes and 3 pinholes were made in the bottom of the reaction
rod bracket to mount the Y-Change Combination bracket, see 4.16a. This was the only
place with enough material thickness to support the structure. But because of that, the
6 holes were made in the reaction rod bracket the limitations set by Volvo did not apply
any more. It was said from Volvo that because of the bolting holes, even more alterations
of the reaction rod bracket were allowed. This changed the conditions for the project in
such way that the new bracket was completely re-designed in combination with re-design
of the reaction rod bracket to allow better joining and assembly. This new concept is
described in the following chapter.
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4.7 Design of the Final Concept, the Y-Change

Figure 4.17 shows the final solution on the rear axis of a truck. This solution is mounted
on a 6x4 truck with two driven rear axles.

Figure 4.17: Final solution mounted on a truck

A close-up on the solution is displayed in Figure 4.18. The figure shows the two ARB’s
on a 6x4, one for each rear axle. On the reaction rod bracket the Y-Change bracket is
connected and inside this bracket, the stabilizer stays are attached. Inside the bracket,
there are two axles, one motor and one lead screw. When the motor turns the lead screw
the stabilizer stays are pushed on the axles with a Moving fork. When the stabilizer stays
are moved towards the centre of the truck the total roll stiffness from the ARB is lowered.

Figure 4.18: Close-up on the designed solution
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4.7.1 Final Material Selection

All figures presented in this section can also be seen in full size in Appendix A. At the
end of this section, a table with material data for the selected material and the reference
material is presented.
The material selection process in CES resulted in that the best material for the application
is an austempered ductile cast iron (ADI) that is called ADI 900 (GJS-EN-900-8). This is
cast iron with better mechanical properties compared to conventional nodular ductile iron
(DI) GJS-500-7 (GJS-EN-500-7) [19, 22]. In recent years ADI has been used in heavy
truck components and advertised by foundries that it is possible to make automotive sus-
pension components, such as control arms, cast with ADI iron [23, 24].

ADI is mentioned from several sources as a cost efficient material replacement for com-
ponents made in cast steel and even aluminium. This is because of its low cost and weight
in relation to its high yield strength, fatigue strength and fracture toughness[22, 25].

In the CES selection process there were several candidates after screening but when the
cost was considered the cast iron ADI 900 was better than the other material candidates in
CES. The ADI 900 ranks better than the reference material that Volvo applies in similar
components, a ductile iron GJS-500-7. This can be seen in the Figures 4.19b and 4.20b.

ADI 900 is a nodular cast iron that consists of an ausferrite matrix, which consists of
acicular ferrite and carbon saturated austenite. Dispersed in the matrix there are spherical
graphite [22, 25]. The materials special microstructure and performance comes from that
the material is austempered, quenched from around 900◦C to a temperature of around
230◦C− 400◦C and held there for around 2− 5 h to let the material obtain the ausfer-
rite structure. What decides if the matrix is coarse or fine is a complex relationship be-
tween the chemistry of the iron and the exact time and temperature for the heat treatment
[22, 23]. The result is a material with a doubled increase in strength and toughness com-
pared to the conventional DI like the GJS-500-7. Conventional DI also has spherical
graphite, similar to ADI, but instead, the DI matrix microstructure consists of ferrite and
pearlite that is created when the material cools to room temperature without any austem-
pering treatment [26, 27]. Compared to the austempering in ADI the DI is often used in
as-cast condition but can also be heat treated to tweak its performance and to e.g. relieve
residual stresses [26] The nodular graphite gives the cast iron materials some ductility and
fatigue resistance compared to grey iron with flaky graphite [26].

The plot with coupling lines shows what the dimensioning constraint is for the materi-
als. In these plots the y-axis represent the stiffness limiting constraint and the x-axis is
the fatigue limiting constraint, both when the objective is minimizing mass see 4.19a and
minimizing cost 4.19b. The materials that lie above the coupling line have the dimen-
sioning constraint on the y-axis and those below have the dimensioning constraint on the
x-axis. As can be seen in Figure 4.19a, most materials are affected by both constraints
when looking at the line for the coupling constant C1 which is calculated for a maximum
a deflection of δ = 1 mm. The coupling constant were also calculated for deflections
between δ = 1 mm to δ = 5 mm C1−C5, numbers 1− 5 indicate the deflection. When
the deflection constraint is relaxed and set to allow for a deflection of δ = 5 mm, the cou-
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pling line C5 moves upwards in the plot and all materials in the plot fall below the line
in Figure 4.19a and 4.19b, thus the dimensioning constraint is fatigue when more deflec-
tion is tolerated. For this selection of materials, the coupling line C1 was used and thus
both constraints are dimensioning. Since it is desired to minimize both material indices,
the best materials for minimizing mass can be found in the lower left corner in Figure
4.19a, that is magnesium. In lower left in Figure 4.19b to minimize cost, cast iron is the
best selection. To find the best material for these contradicting results a trade-off plot is
created.

(a) Material indices for M2 vs. M1. Cou-
pling lines C1 −C5 to identify the dimen-
sioning material index to minimize mass.

(b) Material indices for M2C vs. M1C. Cou-
pling lines C1 −C5 to identify the dimen-
sioning material index to minimize cost.

Figure 4.19: Coupling line plots to minimize mass and cost.

The trade-off plots on both stiffness vs. cost 4.20a and fatigue performance vs. cost 4.20b
show that the best material is ADI types of cast iron for the given circumstances, this
is represented with a line with a slope of −1, this means that both material indices are
weighed as equally important.

(a) Trade-off plot on M2 vs. M2C. Line
with slope −1 represent that both indices
are weighed equally.

(b) Trade-off plot on M1 vs.M1C. Line with
slope −1 represent that both indices are
weighed equally.

Figure 4.20: Trade-off plots for stiffness and fatigue.

The exchange constants lines are plotted in stiffness performance vs. cost, see Figure
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4.21a. In Figure 4.21a it can be seen that for an exchange constant of 10 SEK/kg the best
material selection would be a variety of cast irons, ADI type cast iron ranking equally as
DI GJS-500-7. For the exchange constant of 30 SEK/kg it can be seen that the CES plot in
Figure 4.21a suggest using aluminium or magnesium before ADI iron. This is because of
the increased exchange constant but also that the section area is allowed to be free when
calculating the material indices. It could be a lighter solution but to keep the deflection
low, an addition in section area would be needed and with the limited space in this product
application, it is not a possible solution.

The exchange constants lines are also plotted in fatigue performance vs. cost, see Figure
4.21b. In this case when both the 10 SEK/kg and 30 SEK/kg lines are just touching the Pareto
front, the ADI irons are the first selection, with ADI 900 as non-dominated candidate.
The reference material GJS-500-7, that Volvo often use, is lying further away in the plot
and therefore are a dominated solution, see Figure 4.21b. The Pareto front in this plot
consist of ADI, Magnesium and Titanium but the Magnesium and Titanium are rated as
too expensive for this application with the exchange constant between 10−30 SEK/kg

(a) Trade-off plot with exchange constants
30 SEK/kg and 10 SEK/kg on Stiffness perfor-
mance to minimize mass (M2) vs. Stiffness
performance to minimize cost (M2C).

(b) Trade-off plot with exchange constants
30 SEK/kg and 10 SEK/kg on Fatigue perfor-
mance to minimize mass (M1) vs. Fatigue
performance to minimize cost (M1C).

Figure 4.21: Trade-off plots with exchange constant lines for stiffness and fatigue.

ADI is a valid material selection that is possible to shape by casting to these kinds of
vehicle components, this is mentioned both in articles and in the product portfolios from
foundry’s [23, 24]. It is mentioned that ADI has around a 50 % increase in fatigue strength
compared with conventional DI, this can also be further increased with surface treatments
[22]. The ausferrite microstructure can heave the crack propagation and stress-induced
transformation from austenite to martensite can act as a crack closing mechanism [22].

The material cost in CES is however not taking processing and post processing cost in
consideration, for example the austempering for the ADI or if the DI need some kind of
additional heat treatment. DI is often used in as-casted condition since it anneals in the
mould by itself [26]. However heat-treatment of DI can be necessary to get an uniform
matrix structure or to tweak the properties [26]. Internal sources at Volvo say that the cost
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for a finished part in ADI is around 25 % more expensive than a finished part in DI [28].
The added production time for ADI is adding production cost because the austempering
heat-treatment process, an additional 1− 5 h of production cost is required compared to
DI. This cost is not something that the software CES take in consideration. This is a prob-
lem since although there is an increase in mechanical properties for ADI 900 it might not
be worth as a substitute for DI if not enough savings can be done by reducing mass of the
part. If the reference material would have been cast steel or aluminium and the part could
have been made with ADI instead, then there is potential savings to be made according to
Volvo [28].

When it comes to environmental aspects, these two materials DI and ADI, utilize around
the same amount of energy, CO2 and water per kilogram of material in casting [19]. They
can be recycled in the same way, they are both nodular cast irons and can be recycled to
new products [29]. The current amount of recycled content in the supply of cast iron is
around 70 % [19].

DI, GJS-500-7 ADI 900 Units
Mechanical properties
Young’s modulus 165 - 178 163 - 170 GPa
Yield strength (elastic limit) 320 - 370 550 - 650 MPa
Tensile strength 500 - 600 900 - 995 MPa
Hardness - Vickers 175 - 225 291 - 325 HV
Elongation 7 - 15 8 - 11 %
Fatigue strength at 107 cycles 224 - 248 415 - 485 MPa
Fracture toughness, K1c 22 - 54 99 - 121 MPa ·m0.5

Physical properties
Density 7050 - 7220 7040 - 7140 kg/m3

Price
Price per kilogram 2,5 - 3,8 2,7 - 4,2 SEK/kg

Table 4.4: Material data for DI GJS-500-7 and ADI 900 from CES, used in plots for
ranking the materials [19].

4.7.2 Design of the Final Concept, the Y-Change Bracket

The final design of the Y-Change bracket can be seen in Figure 4.22. The Y-Change
bracket is designed to be produced by casting. The design also enables the part to be
easily implemented in the assembly process. This is made possible by pre-assemble on
the side of the line together with the reaction rod bracket and then move the complete part
to the assembly line. The bolts are placed to distribute the force around the surface where
the bracket meets the reaction rod bracket. This enables a seal to be mounted in between
the two parts. All the screw holes on the Y-Change bracket except the two on the bottom
are threaded to ease the assembly process.
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Figure 4.22: The new bracket, the design encapsulates the parts inside

With the new designed Y-Change bracket it means that the reaction rod bracket is re-
designed to meet the interface of the Y-Change bracket. The surface that is in contact
with the Y-Change bracket is flattened and material is added on the reaction rod bracket
to enable bolts to be fastened.

4.7.3 Parts in the ARB

The components that the active ARB consist of are listed in Figure 4.23. Nuts and bolts
are not listed as a component but exist in the figure as reference. The exact dimension of
the motor, lead screw and gear wheels have to be tested and further evaluated before the
final selection is made. Figure 4.24 shows an exploded view of the ARB system with all
its parts.

Figure 4.23: The parts included in the solution, the reaction rod bracket is hidden in this
figure
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Figure 4.24: An exploded view of the solution

The idea is that the motor and lead screw will be connected with a set of gearwheels.
The size and number of sprockets on the gearwheels can be decided when it has been
investigated exactly how much force that is needed to move the stabilizer stays. An en-
capsulation to close the open space where the stays go down to the ARB is also to be
included before introduced in production, to seal out water and dirt.

The Moving fork
The Moving fork is designed to allow the stay to move freely but at the same time hold
it in place in the y-direction. It acts as a fork around the rod ends to move and lock them
along the y-axis. The design allows the rod ends to rotate freely as the truck rolls and the
ARB moves.

4.7.4 Structural FE-Analysis Results

In Figure 4.25 the results from the analysis can be seen, the figure shows a combination
of the max stresses in every node independent of the load case. Red indicates that the
stresses are above the yield point. The highest stress concentration is located on the old
existing reaction rod bracket. This means that the weakest spot in the design is on existing
parts from the truck. The stresses in the Y-Change bracket and the axles are below the
yield point meaning that the current design will hold for the given load case. The reaction
rod bracket, however, has to be redesigned to handle the load, since this is outside of the
project’s scope this will be a recommendation for further work. The highest stress in the
new part is 300 MPa and the point where the stays are attached deflects 1.7 mm in the low
stiffness setting with maximum loading.
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Figure 4.25: The model displays a combination of the maximum stresses in every node
for the 6 different load cases.

4.7.5 Weight Estimation of the ARB-system

Table 4.5 shows weight for the complete solution compared to the old ARB. The weight
of the new ARB system is 58% more than the existing ARB system.

Part Amount Weight
(kg/part)

Weight
(kg)

Motor 2 3 6
Lead screw 2 0,8 1,6
Axle 4 2,3 9,2
New bracket 2 15 30
stabilizer stay 4 5 20
Moving fork 2 5 10
Seal 2 1 2
The ARB (bar and arm) 2 38 76
Total 151,8

Existing ARB
ARB 2 38 76
stabilizer stay 4 5 20
Total 96

Table 4.5: A weight approximation of the ARB system
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Discussion

The discussion will treat the unforeseen circumstances that occurred because of Covid-19
and the effects it that may have had on the result of the project. The methodology used
in the project will be reflected upon and possible skewed results. Recommendations for
further work will also be suggested.

5.1 Complications of Covid-19

During this project, almost all development work was conducted at the Volvo Lundby
office. This meant that close contact was kept with the department at Volvo during the
construction of the concepts. It was possible to get feedback on ideas and concepts al-
most instantly from the department. When the Covid-19 epidemic unfolded, all of Volvo’s
employees were put on a short term lay-off, and with short notice, the contact with the
department was broken. The project continued despite the lay-off but instead, the work
had to take place remotely. There were only a few Skype meetings taking place during
this period of the project with the supervisor at Volvo. This resulted in that there was a
delay in feedback from the department on concepts and development work. When the
lay-off was resolved and employees at the department at Volvo could come back to work,
new information emerged that had an immediate effect on the progress of the project.

As pointed out earlier, the lay-off disrupted the communication with the department at
Volvo and this proved to have a negative effect on the construction phase of the project.
Because of the delay in information, a couple of weeks were put on developing the bracket
called the Y-Change Combination, see Figure 4.16, that in the end was deemed not to func-
tion properly on the truck by the department at Volvo not to fulfil requirements that the
project group was not aware of at the time. This is a consequence of false assumptions
were being made or that the limitations were set too narrow. It is indicating how impor-
tant it is to have close contact with the project customer and to include different sources
of knowledge in the development work to receive feedback on the concepts. Time was
spent on designing a concept that ended up to be eliminated, this is time that could have
been used to further develop or test the concept to mature the final concept.

5.2 Methodology Reflection

The product development method that was used in the project was a combination of theory
from "Product Design and Development" [12] and "Produktutveckling, effektiva metoder
för konstruktion och design" [13]. How the combination of these two methods was used
was based on experience and which of the methods the group was most comfortable to
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use. Since the group was small and the methods selected in some parts were based on
personal preference the development and selection methods might have been biased and
not the best-suited method.

Regarding the brainstorming process used for the concept generation. It was one thing to
come up with solutions that could have two different stiffness levels. But a much more
complex procedure to invent something that also could change between these two stiff-
ness levels. For example, the concepts with the arm length change, the Pencil, see Figure
4.9, it was relatively easy to understand that a shorter or longer lever arm would influence
the level stiffness in the ARB. But to brainstorm, and find a solution on how to the arm
length change could be achieved was found to be much more complex.

The construction optimization that was used in the project helped to discover which pa-
rameters on an existing ARB that affect the stiffness the most. When the concept was
selected, further development was based on experience, this means that there is an uncer-
tainty if the best design of the selected concept has been found. Here could construction
optimization have been used to investigate in which design of the final solution to use.
The reason this was not implemented is a combination of lack of experience with the
software and the special circumstances due to Covid-19.

5.3 Material Discussion

It would have been interesting to see how much financial and environmental savings that
could have been done by changing from DI to ADI material in the final bracket. But
since there was some rescheduling needed because of Covid-19 the time was not suffi-
cient to cover this following kind of evaluation. By increasing the materials properties
like yield strength and fatigue strength, in this case by changing from DI: GJS-500-7 to
ADI: GJS-900-8, less material would be needed to get the equal performance in the part.
This means a decrease in the dead weight of the truck and an increase in revenue by
adding this weight in payload instead. There would also be savings in less CO2 emissions
from the truck when driving unloaded. Jernkontoret, [30] did this kind of calculation on
the benefits of weight saving on a semitrailer for timber transport by changing to steel
with higher strength. However, the weight savings would probably be around 10kg per
Y-Change bracket and therefore relatively small in comparison to the weight of a whole
truck. By that said, if this kind of procedure was done to all components on the truck the
potential savings would be substantial.

An important factor that needs to be considered is the actual fatigue strength of the com-
ponent compared to theoretical values. Although the material ADI has higher fatigue
strength compared to DI in the material data provided in CES [19] and other sources. The
fatigue data for materials are obtained from standardized test samples that are ground and
polished to specification [9, 31]. The fatigue life is highly affected by surface roughness,
and the surface roughness of an as-cast surface is much worse than a ground surface.
Tests of DI with as-cast and ground surface show that the as-cast surface has much less
fatigue strength compared to a ground surface [32]. The as-casted surface microstructure
also contains a different microstructure with more defects compared to the ground surface
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beneath, this can have a negative effect on fatigue [32]. Volvo’s test has shown that there
is not so much difference in fatigue strength between an as-cast surface roughness ADI
and DI.

5.4 Reflection on the Results

There are no known heavy-duty trucks on the market today that have the ability to change
the ARB stiffness to get more traction on rough roads. We came to understand the dif-
ficulty of making alterations on the ARB itself because of the high loads and limited
packaging space in the area between the reaction rods. The final concept can hereby be
seen as an addition to the development of heavy-duty trucks suspension systems by that
the stiffness of the ARB can be changed by changing where the stabilizer stays upper
mounting points are located.

The dimension of the bar on the ARB was not included in the construction optimization
when the different parameters were examined. Because the bar was excluded the opti-
mization in modeFRONTIER might not have found the best concept on how to change
the stiffness with as little variable change as possible. The decision to exclude the bar in
the optimization was because the group wanted to move away from the high stresses in the
bar and to keep the characteristics of the existing ARB. The exact desired stiffness levels
on the ARB are not explored and is something that should be done before an optimization
on the dimension of the ARB can be performed. The exact distance of the Y-Change and
dimensions of the ARB is something else that can and should be optimized to find the
exact stiffness levels desired.

The stiffness changing design is not optimized in this solution. Time was allocated to
create a concept that was able to be realized and function on a truck. After the feedback
from Volvo on that the concept The Y-Change Combination would not work, the remain-
ing time of the project was limited and it was not possible to both re-design the concept
and optimize it. It was regarded as more valuable, by the project group, to go back to the
drawing table and re-design the concept to the new Y-change bracket that is regarded to
function on a heavy-duty truck instead of continuing optimizing the rejected concept the
Y-Change Combination on exactly how much the stabilizer stays would have to move in
order to produce a change in stiffness by a factor 2.

One of the major problems with the development was how to make sure that the design
would work no matter what the conditions are. Volvo pushed on the importance that the
variable function had to be protected from dirt and water. The new bracket is designed
to be able to encapsulate the moving function. By mount all parts inside the bracket and
then seal the bracket together with the reaction rod bracket it will create a tight seal. The
idea is that the selected lead screw will be self-locking, meaning that there is no need to
apply brakes or an external locking device to keep the stabilizer stays in place in. The
lead screw will hold them in place in inner- or outer position and only allow the stays to
change position when the screw is turned by the electric motor.

55



5. Discussion

At the beginning of the project, it was anticipated to develop a new type of ARB that was
interchangeable with the current GRAS 2.7 - ARB. During the project, it became clear
that the high loads on the ARB in combination with the little packaging space. Taking to
account the surrounding parts as reaction rods, axles and also ground clearance. Made it
difficult to develop a bolt-on variable ARB that could be swapped out on any truck with
a GRAS 2.7. The GRAS 2.7 was also a complex component to alter, as described in the
Theory chapter 2, the GRAS 2.7 is a well-made component regarding the high loads it has
to endure. Therefore the scope of the project widened from looking only at the ARB as a
system to also include the stabilizer stays that mount the ARB to the frame of the truck.

5.5 Recommendation for Future Work

The concept called the Engine was the most active of all concepts. It has similarities with
the variable Schaeffler ARB for cars, mentioned in the theory under existing solutions
2.3. It has an electric motor in the centre that applies torque to counteract the roll of the
vehicle. In this project, the packaging and the anticipated cost for this concept to be im-
plemented on the truck was the reason for it to be eliminated. It would be interesting for
future projects to investigate if this concept would work with the high loads that the ARB
on a truck is subjected to.

The new y-change bracket that was developed in this project could be further developed
and optimized before it is tested and implemented in production. Some recommendations
for future development work of the new y-change bracket are:

• Optimize and investigate exactly how much change in the y-direction is needed to
change the stiffness by a factor 2.

• Optimize the casting process and casting shape for the new y-change bracket.
• Investigate the optimum number of bolts and the placement of them.
• Develop the transmission and calculate the gearing ratio between the electric motor

and the lead screw.
• How much force that is needed from the electric motor to move the stays on the

axles in real-life load cases on the truck need to be tested and evaluated.
• Redesign the reaction rod bracket to match the design of the Y-Change bracket and

decrease maximum stress on the outside.
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The project work has found a way to vary the roll stiffness of the anti-roll bar on a heavy-
duty truck. This solution moves the upper attachment points where the stabilizer stay is
connected to the frame towards the centre of the truck. The stabilizer stays are pushed
on an axle that is attached to a bracket on the frame. When the stabilizer stays moves
towards the centre of the truck the contributing roll stiffness from the ARB decrease. This
means that the contributing roll stiffness from the ARB is lowered without changing the
characteristics of the existing ARB. The foundation of this solution was generated with
construction optimization calculations on a general ARB. The calculations found the con-
cept with the max roll angle that differed the least in layout from the existing ARB.

The solution that is proposed by this project is a result from the given limitations and
Volvo’s requirements and desires. The main requirements and desires that resulted in the
final concept was: The solution should be robust, have as few moving parts possible and
alter the existing layout of surrounding components as little as possible.

The best-suited material for the selected concept is ADI cast iron for performance, low
weight and cost. The base of this selection comes from an analysis of data from CES,
where the best group of materials concerning fatigue limited design and deflection lim-
ited design were found. With the first screening, the cost and weight of the materials
could be analyzed. With additional information searching and consultation from Volvo
Materials Technology, the selection and recommendation of which material to be used
could be done.

The specification of the issue under investigation for this project was:
• How should the anti-roll bar be designed to allow the stiffness to be actively selected

between one low and one high stiffness level?
• What material should be used for the best performance, lowest environmental im-

pact and cost?
• What parameters on the anti-roll bar is impacting the stiffness the most?
• What is the optimal solution with the selected design?

As previously mentioned the project has found a way to allow the stiffness to be actively
selected between to different levels of stiffness. The material that has the best combination
of performance, low environmental impact and cost is ADI. The parameter that affects the
ARB the most without changing the characteristics of the existing ARB is the attachment
of the stabilizer stays to the frame. How the optimal solution of the selected concept
would be designed has not been investigated thoroughly due to special circumstances and
is something that is a recommendation for future work.
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A
Appendix - Material Selection

A.1 Derivation of the Material Index 1, M1

A beam fixed in one end and free in the other where the free end is subjected to a bending
force.

Objective: Minimize mass, m
Constraint: Stress, σ ≤ σu, f atigue
Free variables: Section thickness, t
Parameters:
F = 70 kN
L = 200 mm
A = t2

ym = t/2

I = t4

12
M = F ·L
m1 = ρ ·L ·A

σu =
M · ym

I
=

F ·L
t4/12
· t

2
=

F ·L ·6
t3 ⇒

t =
(F ·L ·6

σu

)1/3

⇒

m1 = ρ ·L ·
(F ·L ·6

σu

)2/3
=
(

ρ

σ
2/3

)
·L ·

(
F ·L ·6

)2/3

(A.1)

This means that:

Minimize mass ⇒M1 =
ρ

σ
2/3
u

(A.2)

Minimize cost ⇒M1C =
Cm ·ρ
σ

2/3
u

(A.3)

A.2 Derivation of the Material Index 2, M2

A beam fixed in one end and free in the other where the free end is subjected to a bending
force.
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A. Appendix - Material Selection

Objective: Minimize mass, m
Constraint: Deflection, δ ≤ 1 mm
Free variables: Section thickness, t
Parameters:
F = 70 kN
L = 200 mm
A = t2

C1 = 3
I = t4

12
M = F ·L
m1 = ρ ·L ·A

S =
F
δ
=

C1 ·E · I
L3 ⇒

I =
( F ·L3

3 ·E ·δ

)
=

A2

12
⇒

A2 =
4 ·F ·L3

E ·δ
⇒

m2 = ρ ·L ·
(4 ·F ·L3

δ ·E
)1/2

=
ρ(

E
)1/2
·L ·

(6 ·F ·L3

δ

)1/2

(A.4)

This means that:

Minimize mass ⇒M2 =
ρ

E1/2
(A.5)

Minimize cost ⇒M2C =
Cm ·ρ
E1/2

(A.6)

A.3 Derivation of the Coupling Line

C =
M1

M2
(A.7)

Equation A.1 and A.4 gives the following:

C =
L ·

(
F ·L ·6

)2/3

L ·
(6·F ·L3

δ

)1/2
(A.8)

Different displacement, δ , implies different values on C.

δ = 1mm =⇒ C1 = 0.13
δ = 2mm =⇒ C2 = 0.18
δ = 3mm =⇒ C3 = 0.22
δ = 4mm =⇒ C4 = 0.26
δ = 5mm =⇒ C5 = 0.29
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A. Appendix - Material Selection

A.4 Figures

Figure A.1: Coupling plot Stiffness performance to minimize mass (M2) vs. Fatigue
performance to minimize mass (M1). Coupling lines C1−C5 to identify the dimensioning
material index to minimize mass.
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A. Appendix - Material Selection

Figure A.2: Coupling plot Stiffness performance to minimize cost (M2C) vs. Fatigue
performance to minimize cost (M1C). Coupling lines C1−C5 to identify the dimensioning
material index to minimize cost.
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A. Appendix - Material Selection

Figure A.3: Trade-off plot on Stiffness performance to minimize mass (M2) vs. Stiffness
performance to minimize cost (M2C). Line with slope -1 represent that both indices are
weighed equally.
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A. Appendix - Material Selection

Figure A.4: Trade-off plot on Fatigue performance to minimize mass (M1) vs. Fatigue
performance to minimize cost (M1C). Line with slope -1 represent that both indices are
weighed equally.
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A. Appendix - Material Selection

Figure A.5: Trade-off plot with exchange constants 30 SEK/kg and 10 SEK/kg on Stiffness
performance to minimize mass (M2) vs. Stiffness performance to minimize cost (M2C).
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A. Appendix - Material Selection

Figure A.6: Trade-off plot with exchange constants 30 SEK/kg and 10 SEK/kg on Fatigue
performance to minimize mass (M1) vs. Fatigue performance to minimize cost (M1C).
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B
Appendix - Requirement Chart

Requirements/Desires R/D Justification Verification/Evaluation

Appearance
Fit inside available packaging area (dimesions) R Volvo CAD
Mounted to existing mounting points, (torsion bar e.g.) D Volvo CAD
Not alter the existing layout D Volvo CAD, packaging
Be able to change between two different stiffnesses R Volvo Prototype test
Be able to change between three or more different stiffnesses D Team Prototype test

Be able to change stepless between different stiffnesses D Team Prototype test

Take advantage of existing air system instead of implementing new sub sys. D Team CAD
Electrical steering
Allow for existing ground clearence R Volvo CAD
Weight of the part less than 50 kg R Volvo CAD
Lowest possible weight of the part D Volvo CAD
Compatible with several chassi variants D Volvo 
Be able to scale down to a softer setting, for front suspension D Volvo Simulation/CAD

Safety
No fracture during whole lifecycle,  D Team Simulation
Should always work, be failsafe if not activated D Team Prototype test
Changing stiffness should not be able to be done by accident R Team User test
Not impact the overall safety of the truck, R Team Test
Changing stiffness should not harm the user, while driving D Team User test

Handling
Possible to change stiffness between two steps with one action from the user R Team User test
The stiffness should be able to change for one person from inside the cab R Team User test
The stiffness changing operation on the product should done in as few step as possible D Team Prototype test
Easy to operate, by the driver D Team User test
Possibility to change stiffness automaticly, computor controlled D Team User test
Be able to change stiffness at any time D Team Test

Lifecycle
95 % of the ARB's should last longer than lifetime of a truck R Volvo Simulation
99 % of the ARB's should last longer than lifetime of a truck D Team Simulation
The product should be able to recycle R
The product should be made from recycled material if it is possible D Team
Materials should if possible be made from sustainable resources D Team
Minimal ecological footprint D Team
Weldability of the material if the solution require it D Team Test or research documentation
formability, e.g. cast or wrought depending of the solution D Team Test or research documentation

Robustness
Support the weight of the truck R Volvo Simulation
Should be able to handle single peak loads without deformation R Volvo Simulation
Stiffnes equals to 1250 N/mm +-10%, in high setting R Volvo Simulation
Stiffnes equals to 625 N/mm +-10%, in low setting R Volvo Simulation
Possible to change the stiffness with a factor 2 between the higher and lower setting D Volvo Simulation
Fatigue life longer than the expected lifetime of the truck, volvo requirement? R Volvo Simulation
Fracture toughness condition R Volvo Question
Horisontal deflection less than 100 mm from horisontal peak loads R
No buckling when exposed to single peak loads R Volvo Simulation
Be able to handle the vibrations from the road R Volvo Simulation
Not impact the possibility to rise and lower the vehicle
Regular dampening +/- 50 mm R Volvo Simulation
Environmental Conditions
Low risk for corrosion volvo specification on "no rust??" R Volvo Test?
Withstand the environment under a truck R Volvo User test
Be able to be used between tempratures of -40 and +50 C R
Not have areas where water/liquid can get trapped and cause corrosion R Volvo CAD
Be able do handle snow that gets stuck underneath the truck R Volvo CAD

Market
The anti-roll bar should not cost more than 10 times the existing one R Cost analys
The anti-roll bar should not cost more than 5 times the existing one D Cost analys

Packaging, Storaging and Shipping
Use parts available at Volvo D Team CAD
Prefferably be able to be mounted as an aftermarket part on existing trucks D

Production and Manufacturing
It should be possible to manufacture with existing tools D
The production should not require additional facilities D

Figure B.1: The requirement chart
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Appendix - Concept Sketches Iteration 1

Figure C.1: The Extra Strut
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C. Appendix - Concept Sketches Iteration 1

Figure C.2: The Spring strut
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C. Appendix - Concept Sketches Iteration 1

Figure C.3: The Spinning Disc
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C. Appendix - Concept Sketches Iteration 1

Figure C.4: The Pencil 1 - Chebyshev
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C. Appendix - Concept Sketches Iteration 1

Figure C.5: The Pencil 2
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C. Appendix - Concept Sketches Iteration 1

Figure C.6: The Extra arm
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C. Appendix - Concept Sketches Iteration 1

Figure C.7: The Leaf Spring
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C. Appendix - Concept Sketches Iteration 1

Figure C.8: The I-Beam
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C. Appendix - Concept Sketches Iteration 1

Figure C.9: The Waist
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C. Appendix - Concept Sketches Iteration 1

Figure C.10: The Wire
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Appendix - Concept Sketches Iteration 2

Figure D.1: The Extra arm, arms connect with a pin
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D. Appendix - Concept Sketches Iteration 2

Figure D.2: The Extra arm, in this case also a second torsion bar that increase the stiff-
ness. Connection and disconnection is achieved with a brake caliper

Figure D.3: The Extra arm, in this case it is an extra bar that increase the stiffness. The
activation is done by a drum brake.
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D. Appendix - Concept Sketches Iteration 2

Figure D.4: The Y-Change

Figure D.5: The Y-Change
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D. Appendix - Concept Sketches Iteration 2

Figure D.6: The planetary gear, the idea is that the planetary gears on each side shift the
amount of torque that is transferred from the arms to the torsion bar.
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Figure E.2: Pugh Matrix - Iteration 2
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F
Appendix - Concept FE-Analysis

In the following chapter the results from the FE-analysis of each concept are presented.
The concept analysed in ANSA with a beam model displace one figure with displacements
and one with stresses. In each figure there is at least one model in the stiff setting and one
in the soft setting.

Figure F.1: Spring Strut, displacement

Figure F.2: Spring Strut, stresses
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F. Appendix - Concept FE-Analysis

Figure F.3: The Waist, displacement

Figure F.4: The Waist, stresses
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F. Appendix - Concept FE-Analysis

Figure F.5: Y-Change, rotational displacement

Figure F.6: Y-Change, stresses
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F. Appendix - Concept FE-Analysis

Figure F.7: I-Beam, displacement

Figure F.8: I-Beam, stresses
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F. Appendix - Concept FE-Analysis

Figure F.9: The Extra arm, displacement

Figure F.10: The Extra arm, stresses
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F. Appendix - Concept FE-Analysis

Figure F.11: Extra strut, displacements

Figure F.12: Extra strut, stresses

Bellow follows the analysis of the Pencil concept. Each figure shows both max stresses
and max displacements.
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F. Appendix - Concept FE-Analysis

Figure F.13: Pencil concept with 70 mm bar and long arms. Peak stress and max dis-
placement plotted when subjected to 70 kN load.

Figure F.14: Pencil concept with 70 mm bar and short arms. Peak stress and max dis-
placement plotted when subjected to 70 kN load.
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F. Appendix - Concept FE-Analysis

Figure F.15: Pencil concept with 60 mm bar and short arms. Peak stress and max dis-
placement plotted when subjected to 70 kN load.

Figure F.16: Pencil concept with 60 mm bar and long arms. Peak stress and max dis-
placement plotted when subjected to 70 kN load.

XXXIV



G
Appendix - Pros and Cons List

D
ec

is
io

n
C

on
ce

pt
P

ro
s

C
on

s
F

ur
th

er
 D

ev
el

op
en

t
C

om
m

en
ts

P
ac

k
ag

in
g

T
he

 E
xt

ra
 s

tr
ut

N
o 

m
ov

em
en

t i
ne

 th
e 

A
R

B
 a

rm
s 

w
he

n
ch

an
gi

ng
st

if
fn

es
s.

H
ig

h 
st

re
ss

es
 in

 b
ar

 w
he

n 
th

e 
sh

or
ta

rm
se

tti
ng

is
on

.
H

as
no

re
al

 b
ac

ku
p 

si
nc

e 
th

e 
tw

o 
st

ru
ts

 
ca

nt
 b

e 
ac

tiv
e 

at
 th

e 
sa

m
e 

tim
e

Si
ze

 a
nd

 d
im

 o
f 

th
e 

st
ru

t?
A

ft
er

 a
na

ly
se

 -
 s

ea
m

s 
po

ss
ib

le
 

to
di

m
.A

no
th

er
ve

rs
io

n
of

th
e

pe
nc

il,
 th

er
fo

re
 it

s 
re

m
ov

ed

C
an

 b
e 

pr
ob

le
m

at
ic

T
he

 W
ai

st

St
ep

le
ss

 s
ti

ff
ne

ss
 v

ar
ia

tio
n

E
xp

os
ed

 s
lid

in
g 

pa
rt

s,
  

pr
ob

le
m

at
ic

 f
or

 th
e 

A
R

B
 to

 b
e 

st
if

f 
en

ou
gh

., 
N

o 
"b

al
kl

iv
" 

be
tw

ee
n 

th
e 

be
am

s.
,

P
ro

te
ct

 f
ro

m
 th

e 
su

ro
un

di
ng

 
en

vi
ro

nm
en

t?
, m

ak
e 

a 
"b

al
kl

iv
"

A
ft

er
 a

na
ly

se
 -

 h
ar

d 
to

 a
ch

iv
e 

th
e 

st
if

fn
es

s 
va

ri
at

io
n

G
oo

d 
po

ss
ib

ili
tie

s

T
he

 E
xt

ra
 A

rm

N
o 

sl
id

in
g 

pa
rt

, j
us

t l
oc

ki
ng

. 
G

oo
d 

fo
r 

pa
ck

ag
in

g 
A

ct
iv

at
io

n 
m

ec
ha

ni
sm

, c
an

 
m

al
fu

nc
tio

n 
or

 b
re

ak
. 

di
m

en
si

on
s 

of
 e

xt
ra

 a
rm

s 
/ e

xt
ra

 
ba

ck
 p

ip
es

? 
M

ou
nt

in
g 

po
in

ts
 a

nd
 

bu
sh

in
gs

 w
ith

 e
xt

ra
 p

ip
e?

 
P

ac
ka

gi
ng

 w
it

h 
p-

st
ru

t +
 e

xt
ra

 
ar

m
 c

ou
pl

in
g 

po
in

ts
?

P
os

si
bl

e 
to

 b
ol

t t
he

 w
ea

k 
ar

m
 to

 
th

e 
ri

gi
d 

ar
m

 in
st

ea
d 

of
 

w
el

di
ng

?

G
oo

d 
po

ss
ib

ili
tie

s

T
he

 P
en

ci
l

C
ha

ng
e 

of
 s

tif
fn

es
s 

fa
r 

fr
om

 a
re

a 
w

ith
 h

ig
h 

to
rq

ue
. G

oo
d 

pa
ck

ag
in

g

Sl
id

in
g 

pa
rt

s.
 H

ig
h 

st
re

ss
es

 in
 b

ar
po

ss
ib

le
 to

 m
ak

e 
th

e 
ar

m
s 

w
ea

ke
r 

fu
rt

he
r 

ou
t i

n 
th

e 
en

ds
 to

 r
ed

uc
e 

th
e 

st
re

ss
 in

 th
e 

pi
pe

?

G
oo

d 
po

ss
ib

ili
tie

s

T
he

 I
-B

ea
m

Si
m

pl
e,

 E
xi

st
in

g 
so

lu
tio

n 
fo

r 
ca

rs
, 

Fa
tig

ue
, b

ea
ri

ng
 lo

ad
s,

 
St

ro
ng

 e
no

ug
h?

 F
at

ig
ue

 in
 a

rm
s 

so
ft

 s
et

ti
ng

? 
B

ea
ri

ng
 r

ad
ia

l f
or

ce
? 

H
ow

 to
 m

ou
nt

 th
e 

ba
r 

an
d 

th
e 

ar
m

?

E
va

lu
at

e 
th

e 
be

ar
in

g 
si

ze
, 5

0 
in

ne
r 

an
d 

85
 o

ut
er

di
am

et
er

 c
an

 
ho

ld
 u

p 
fo

rc
es

 -
 S

K
F 

33
11

0

P
ro

bl
em

at
ic

T
he

Y
-C

ha
ng

e

St
ep

le
ss

 s
ti

ff
ne

ss
 v

ar
ia

tio
n.

 L
itt

le
 

st
re

ss
 v

ar
ia

tio
n 

be
tw

ee
n 

so
ft

 a
nd

 
st

if
f 

se
tti

ng

N
ee

d 
to

 in
te

gr
at

e 
th

e 
y-

tr
an

sl
at

io
n 

m
ec

ha
ni

sm
 in

 th
e 

cr
os

sm
em

be
r 

- 
pa

ck
ag

in
g 

-
st

ru
ct

ur
al

 m
ec

h.
, 

P
ac

ka
gi

ng
?T

he
 s

tr
ut

 w
ill

 m
ov

e 
in

 
an

 a
rc

 w
he

n 
ch

an
gi

ng
 s

ti
ff

ne
ss

?
C

an
 b

e 
pr

ob
le

m
at

ic

T
he

 s
p

ri
ng

 s
tr

ut

L
ow

 n
um

be
r 

of
 m

ov
in

g 
pa

rt
s,

 
K

ee
p 

th
e 

st
if

fn
es

s 
va

ri
at

io
n 

aw
ay

 
fr

om
 th

e 
A

R
B

. 

L
oc

ki
ng

 m
ec

ha
ni

sm
. D

es
ig

n 
of

 
le

af
 s

pr
in

g
P

ac
ka

gi
m

g?
 L

oc
ki

ng
 

m
ec

ha
ni

sm
? 

D
es

ig
n 

of
 le

af
 

sp
ri

ng
s?

 F
at

ig
ue

?

U
se

 a
 s

ol
en

oi
d 

fo
r 

on
/o

ff
 

se
tti

ng
s.

 A
ft

er
 a

na
ly

se
 -

 s
pr

in
g 

ne
ed

 a
pp

ro
x 

10
00

 N
/m

m
 in

 
st

if
fn

es
s

G
oo

d 
po

ss
ib

ili
tie

s

Figure G.1: Pros and Cons List
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H
Appendix - Analysis of Section Forces

In figure H.1 the high stiffness setting is to the right and the low to the left. As seen in
the figure the forces in the strut in the low setting is 82.7 kN and in the high setting it is
137.3. This means that the section force in the strut is reduced to 60 % when the upper
part of the strut moves 100 mm towards the center of the truck.

Figure H.1: Section forces in the Y-Change concept
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