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Abstract 

During a vehicle’s life it is experiencing complex loading from both driving and road 

conditions. This accumulating of loading might be damaging to the vehicle, leading to 

possible material fatigue cracking, hence it is a major importance to take it into account. 

During the design phase the vehicle will be tested on a rig to check the durability and 

fatigue life. This is done on the system as a whole or at component level. But as it is 

difficult to reproduce the actual complex loading, a much simpler loading sequence is 

applied on the component(s) during these tests. 

The purpose of this master thesis is to use an optimization software called HEEDS, 

which is based on a mathematical model that is applied in the software, to identify a 

possible multi-level block sequence which would generate the same fatigue damage as 

the reference complex loading sequence. This work is fully performed in calculation 

software, without using actual physical testing. The selected component is a front 

suspension low control arm (LCA) for which life is checked at various locations. The 

objective is to have the relative error identified as a relative ratio. 
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1 Introduction 

1.1 Background 

To deliver high-quality products that are safe for their customers is a top priority for 

most companies. In the automotive industry, high quality components need to have high 

durability and an optimal lifetime. Because automotive parts are affected by different 

mechanical loads during various dynamic events, as depicted in Figure 1, which can be 

very complex. This can cause severe fatigue damage and even failure if the durability 

is not good enough. 

 

Figure 1. Two examples of various dynamic events. Left: Down-hill with extreme bumpy road. 

Right: Highly irregular asphalt. 

 

Every automotive company has its own criteria on how sustainable their components 

must be. To achieve the right quality and durability, fatigue life is a very important 

factor for the component because it involves crack initiation and growth until failure of 

the component is reached [1]. An efficient and practical way to determine the fatigue 

life of a component is by using a test rig. It is an engineering process that must be done 

to properly design and construct the product. An example of how a test rig can look like 

is shown below in Figure 2. 

 

Figure 2. On the rig is a component constrained, which a force is applied on with an actuator that 

varies from a minimal to a maximally force repeatedly. The angle of the actuator, alpha, is a 

parameter that affects the component differently depending on where it is located.   
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When designing the test rig several parameters must be determined, e.g. the angle of 

the actuator, what type of forces the component needs to be tested for, and the number 

of cycles that must be performed before a failure occur. This is done with the help of 

an optimization software that is coupled to a separate FEA (Finite Element Analysis) 

software.  

Before a test rig is designed it is necessary to obtain load data from an automotive 

component which the rig will be based on. The load data is given when the component 

is mounted on a car and the sensors sense the different loads affecting the component 

during various events. The data contains different events that includes all the factors 

that affect components such as loads, load amplitude and cycles. To analyze and 

optimize the load data, so the test rig can simulate real event scenario, are very time 

consuming and requires extensive experience. This is due to the complex result of the 

load data showing the variation of load amplitudes over time, as shown in Figure 3. 

Therefore, it is desirable to shorten the development time by creating relevant block 

loads 

 

Figure 3.  Typical complex load data from a dynamical event. On the y-axis shows the force the 

actuators apply on a component and x-axis shows the time.  

 

It is preferred to create several “blocks” of sine wave loading of constant amplitude 

applied a certain number of cycles. An example of this can be seen in figure 4, a 

histogram with n1 cycles of amplitudes S1, n2 of S2, n3 of S3 and so on where the 

pattern repeats itself by the number of Sn, which is also known as blocks. The goal is 

to define blocks which would generate similar damage. To do so, a Palmgren-Miner 

hypothesis [2] is generally used, which is explained later in this report. 

   

Figure 4.  Sine waves with block loading sequences that have a typical constant amplitude, as 

represented in S1, S2 and S3 [2]. 

 

Fo
rc

e 

Time 

Fo
rc

e 



9 

 

A block load is selected based on multiple input parameters, for example load points or 

directions, component material, and test rig output responses such as fatigue life. Thus, 

this represents a challenging optimization problem.  

1.2 Aim and scope 

The purpose of this master thesis is to find, with help of the optimization software 

HEEDS, possible multi-level block sequence which can generate the same fatigue in 

the test rig as in the reference complex loading sequence which is also known as “real 

life” scenario. This is done on the component front suspension low control arm (LCA) 

which is connected to the steering link-arm and to the wheels as illustrated in Figure 5.  

 

 

Figure 5. Illustration of the front suspension lower control link-arm. 

 

The design of the model is based on various dynamic events. These events are simulated 

with different number of force actuators (load cylinders) that apply load cycles on the 

component. For this master thesis, due to time limitation, only one actuator is used. 

To get the optimal model, optimization is performed by a simple loading which 

generates fatigue damage on the component. The optimization is performed with 

software which optimizes defined variables that are important for the design of a test 

rig, such as the loading number of cycles. This is done to achieve some objectives such 

as decreasing the number of cycles and decrease testing duration hence its cost. Another 

example of an important factor is to find the relative error, which gives a value on how 

close the simplified block loading is to actual loading damage which can be known as 

the real dynamic event scenario, as described earlier and in Figure 1. 

Front 
Suspension 

Full vehicle 

Pt 3 

Pt 4 

Pt 6 
Front Low Control Arm 

(symetric design Left & Right) 
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To summarize this, the goal is to perform component tests, based on dynamic events 

that correspond to the real fatigue life as much as possible, and to reduce the time 

needed for these tests as much as possible. 

1.3 Methodology 

To be able to reach the goal which is to identify a possible multi-level block sequence, 

there are few steps in defining the simplified block loading. 

 One of the steps is to identify the minimum number of force actuators that needs 

to be used, and determine the forces that affects the component life. 

 Then the last step is to modify the input loading sequence so that it can produce 

damage similar to complex loads. 

Stress and fatigue calculation itself is performed with FEA software’s Nastran and 

nCode. The optimization is performed by using the commercial multidisciplinary 

optimization software HEEDS MDO from Red Cedar Technology. 

HEEDS requires parametric definitions of the input loads sequence with given 

constraints. It is coupled to a FEA fatigue software that calculates life in various 

locations of a vehicle component, in our case front suspension low control arm. HEEDS 

identifies the optimal loading that generates damage at specifies locations on the 

component that is close to the damage of the actual multiaxial loading cycle. 

1.4 Constraints 

There are some limitations to this master thesis, as presented below 

 Due to the short time of this master thesis, some reduction must be made. This 

cause a limitation and some things cannot be part of the master thesis scope and 

can be ignored, such as all difficulties of performing physical testing that 

includes non-linear stiffness bushing at the interface point, which would affect 

load distribution and make impossible to use the linear superposition as done 

by the fatigue calculation method. 
 

 Out of many possible automotive components, only the link-arm is considered 

in this master thesis study. However, the results of this study will facilitate 

optimization based on load data from other components. 
 

 Due to time limitation and to minimize the complexity of this thesis, only one 

actuator is used when designing the test rig. 
 

 One focus of this thesis is that the test rig should perform the fatigue life testing 

during a short time as possible to decrease its cost.  
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2 Theory 

This chapter will shortly describe some of the theory and methods used in this thesis. 

The main focus of the present work has not been the details of the methods. Take into 

consideration that this master thesis is not about how to use each part of the theory in 

this chapter to determine the fatigue life so that a test rig can be designed. That is 

automatically proceeded with a software. This chapter will explain the theory behind 

the processes that have been performed to design a test rig, followed by an explanation 

of some terminologies used in this report. 

2.1 Fatigue 

Fatigue is a permanent structural change in a material subjected to conditions of stress 

fluctuation and strains at one or several points. It can further culminate into cracks or 

complete fracture after a certain amount of fluctuations.   

Each material has unique properties, e.g. the yield strength and tensile strength, the 

limit when the material is in elastic or plastic condition, which varies depending on the 

type of material it is. Under a static load a component will receive a permanent 

deformation when the stress exceeds the yield stress. Increasing the load further the 

component will finally reach the ultimate stress where failure i.e. reaching its failure 

point [3]. This can be seen in a stress-strain curve, in Figure 6. 

 

Figure 6. A stress-strain curve shows the boundary of elastic and plastic state [4]. 

 

A load can be repeated multiple times on a material without failure if the stress remains 

in the elastic or plastic region but often just up to a certain number of cycles. A fatigue 

phenomenon occurs time when a certain number of cycles have been repeated. A 

rupture will occur at a stress level that is much lower than the static breaking strength 

[3]. Therefore, most components have a lifecycle and if a component in a vehicle is not 

well designed it will fail. In the automotive and aircraft industry, when it comes to the 

engineering design this is a major factor for many structures. 
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2.2 Mechanical failure 

Most mechanical components have a lifetime depending on its material and how it is 

designed, and each company has its own criteria on how long it should be. The majority 

of mechanical failures are caused by fatigue, making it a significant factor for financial 

losses. The definition of fatigue failure is materials tendency to fracture when the 

component is affected by repeated alternating or cyclic stresses and depends on a 

complex interaction between load and time. The size of the fracture depends on the 

intensity and frequency of the stress cycles. It is not always obvious when the 

component will fail because the crack is not always noticeable when it comes to very 

small cracks. Most of components today are successfully designed, which reduces 

mechanical failures. For these components fatigue failure needs many cycles, but it 

decreases as the stress is increased [5] [6]. 

The calculation of mechanical failure, the fatigue lifetime of the components, is a 

complex process as one must take into account cumulative damage. In this work the 

Palmgren-Miner cumulative damage rule is used which is the simplest and a well-

known process that many companies use to determine the lifetime of their component 

[7].  

2.2.1 Rainflow method 

The rainflow method is an effective and preferred method to identify and count load 

cycles from a variable loading sequence. [8]. This method makes it possible to better 

predict the lifetime of a component and determine the number of fatigue cycles to 

present it in a load-time chart, as in Figure 3 by paring the measured local minima and 

maxima corresponding load cycles. 

To clarify the procedure of rainflow counting, a software will incorporate an algorithm 

for counting rainflow cycles and the most common procedures follow [2] 

1. Peaks and troughs must be extracted from the time signal, to discard all points 

between adjacent peaks and troughs [2]. 

2. The beginning and end of the sequence must have the same level, this is done 

by adding an additional point at the end of signal to match the beginning [2]. 

3. After finding the highest peak, arrange it so that the signal becomes the 

beginning and the end [2].  

4. Begin from the beginning of the sequence and select four peaks and roughs. 

With this in mind, apply the following rule: If the second segment is vertically 

shorter than the first and the third, the middle segment can be extracted and 

recorded as a rainflow cycle. In this case, as seen in Figure 7, B and C are totally 

enclose by A and D [2]. 
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 Figure 7. Rainflow cycles. 

 

5. If no cycle is counted, a check is made on the next set of four peaks, that is, two 

or five peaks. This procedure is done until a rainflow cycle is counted. When a 

rainflow cycle is counted, the procedure starts from the beginning of the 

sequence again, every time [2].  

The result of rainflow method is recorded in a histogram. The spectrum represents the 

statistical distribution of the stress amplitudes as per how many time (number of cycles) 

they are applied [3]. 

2.2.2 Strain-Life method 

To make an engineering decision, as a structural designer, the critical aspect is fatigue 

design that is related to fatigue life. This is due to several factors, the most important 

ones are the manufacturing, material properties and loading conditions, as in our case 

when the vehicle is affected with a variety of dynamical events [3]. In order to relate 

the load sequence rainflow cycle counting is used together with a damage accumulation 

model. Using a method that combines all these information data makes it possible to 

calculate the component’s life span, when failure is likely to occur [2]. To estimate life, 

some observations are made, for example of strain-life as shown in Figure 9. 

 

Figure 8. An example of a strain-life curve. Shows a plot of a magnitude of a strain (𝝐𝒊) and 

number of cycles to failure (ni) for a given material. In the graph also shows a point where the 

transition life occurs, when plastic and elastic strain intersect and it depends on the hardness of 

the material [2].  

 

 

𝜖 − 𝑆𝑡𝑟𝑎𝑖𝑛 

𝑛 − 𝐿𝑖𝑓𝑒 

Material Strain-Life curve 

Total strain strain amplitude 

Elastic strain 

Plastic strain 



14 

 

Strain-Life (which also is the crack initiation phase) is part of the three core fatigue 

methodologies, the other two are Stress-Life and Crack-Propagation. For this thesis, 

the main focus is on strain-life. This model concentrates on strain-time history, where 

the failure is likely to occur at some point. In other words, the plastic strain which also 

is controlled by the elastic strain is dependent on the fatigue damage. It is from Strain-

Life curve, the fatigue life of a specimen can be calculated [3].  

2.2.3 Palmgren-Miner cumulative damage theory 

Cumulative damage in fatigue is a major problem for almost all branches of structural 

engineering. During their lifetime the components in vehicles are exposed to various 

load magnitudes repeatedly in different frequencies under the various operating 

conditions [9]. This happens because of the various dynamic events such as when the 

vehicle accelerates and brakes or drives on paved roads. This must be considered when 

designing automotive components.  

The first cumulative damage theory is based on the Palmgren-Miner rule, also known 

as a linear damage rule. It is a linear and stress independent cumulative damage rule 

defining the damage (D) as the sum of the ratio of the number of cycles of operation 

(n) vs. the number of cycles for failure (N), for each stress amplitude identified by the 

rainflow counting as seen in equation (1) below [10]. 

The following rule, also known as the linear damage rule means that all cycles of a 

given magnitude make the same damage regardless if it occurs late or early in life. 

Palmgren-Miner rule is based on determine the fatigue lifetime, namely to predict the 

life such as components under cyclic load with variable amplitude. This statement is 

expressed in equation (1), but in order to develop the equation it is written with the 

following expression 

Equation (2) describes the number of cyclic amplitude constant with k-th. With S-N 

data, the number of cycles causing failure can be found as 𝑁(𝜎𝑘). It is a function of the 

constant amplitude 𝜎𝑘 i.e. the average number of cycles to failure at certain given stress. 

The variable 𝑛𝑘 represents the number of cycles for each block.  

Equation (2) shows the fraction of the life, similar computation is made for all stresses 

and sums all results to get the total damage fraction for one block. The desire when 

using equation is that the ratio should not exceed one, because it shows when the 

component will fail after certain cycles with a certain load on it. All beneath it is in the 

so-called “safe zone” where no fatigue failure has occurred [2] [7]. 

𝐷 = ∑ (
𝑛

𝑁
) (1) 

∑
𝑛𝑘

𝑁(𝜎𝑘)
= 1

𝑘

 (2) 
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Generalizing of the theory of Palmgren-Miner, also known as the PM rule, is a 

cumulative damage theory that makes it easier to examine some resulting consequences 

[7]. 

2.3 Finite Element Analysis 

Finite Element Analysis (FEA) is a method used to solve numerical problems such as 

structural and multi-physical problems. With this method, it is possible to create a 

mathematical model that can solve complex problems. This type of analysis is done to 

assess the design of components, to prevent disasters due to some serious failures. It 

helps to design components with better durability and more cost effective. That 

procedure can be done with help of a FEA software which creates a mathematical model 

that can develop the test rig [11]. 

2.4 Multi-objective optimization & Pareto Frontier 

With the methodology multi-objective optimization is useful for many engineers to 

solve design problems for complex engineering systems. This can happen in many 

different fields such as within the economy, the automotive industry and the aircraft 

industry etc.  

Multi-objective optimization means that the optimization involves more than one 

objective feature, which means that optimization takes place against several goals. This 

is used when there are two or more conflicting objectives, and makes it easier to see a 

relation between the objectives. A typical example of using multi-objective 

optimization is in the automotive industry where they want to minimize fuel 

consumption and emission of pollutants while maximizing the performance of a 

vehicle. This is a typical problem, the example has three objective problems that must 

be solved [12] [13] [14].  

By putting together all the multi-criteria decision gives a pareto optimization resulting 

in a graph. The solutions will show a breakdown of the defined objectives that make it 

impossible to redistribute an individual or multiple objectives without impairing one or 

multiple objective. In other words, to make all the objective “equally valuable” so one 

solution can be found. An example of how pareto optimization, in other words pareto 

frontier graph, can be seen in Figure 10. These graphs are made with use of 

optimization software such as HEEDS that is used in this master thesis [13] [14].  
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Figure 9. An example of pareto frontier graph. As shown, the respective axis are the defined 

objective and in “solutions cloud” are shown all the plots between those objectives. A pareto 

frontline is drawn to make the shape of the graph, making it easier to determine a value.  
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3 Method 

This chapter describes the working procedures that have been used during the master 

thesis work. 

3.1 Experiments - Preparations before the tasks 

The main purpose of this thesis, as described in section 1.2, is to achieve a simplified 

test-setup. The setup is designed based on a mathematical model with constant 

amplitude block load to simulate fatigue damage on the component that corresponds to 

the complex load cycles produced during vehicle operation. There are a number of steps 

involved to determine suitable test parameters and settings and the results of it will be 

used for task 1 and task 2. 

 The first step is to identify the configuration of the test setup, i.e. to define the 

minimum number of force actuators that need to be used, and to determine 

which forces affects the component. The latter is required in order to determine 

the components fatigue life, based on FEA (in this work implemented with the 

software nCode), which is a crucial input to the test rig design. 

 The second step, as part of the nCode FEA, is to generate a shell mesh for the 

component and define its material. Then, constraints and a 1kN force in the x 

direction are applied to the component model, as depicted below in figure 11. 

 

Figure 10. Illustration of the setup on LCA before a FEA is done in nCode. 

 

 The third step is to perform the FEA, shown in Figure 12, and select the mesh 

elements of most interest, which the test rig design will be based on. 
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Figure 11. Results from the FEA on the lower control link-arm, showing critical stress 

concentrations. Red indicates high stress concentration and blue indicates the opposite.  

 

The FEA result for each individual element is unique. To reduce complexity, 

eight critical elements (shown in Figure 13) were selected for further 

investigation to determine the life of the component using the optimization 

software HEEDS. 

 

 

 

 

 

Figure 12. This figure is related with Figure 12. After FEA, eight interesting elements 

were selected. The colorful numbers show element number in different stress 

concentrations, namely red has high, green medium and blue low concentration. 

 

 The fourth step is to define the input loading sequence which will be optimized 

so that it can produce damage in a similar way as complex loads. The damage 

analysis is based on the eight selected elements. It is in this step that the 

optimization process begins.  

The purpose of the optimization software is to generate block loading that 

results in a fatigue life distribution similar to that from actual loading, known 

LCA Bottom 
View 

LCA Top View 

LCA Top View LCA Bottom 
View 
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as “real-life event” or “target life”. A block load is divided into sub-blocks. For 

this work, three sub-blocks have been chosen so as to reduce complexity. Each 

block contains three parameters, as seen in Figure 14, which are used by the 

optimization software.  

 

Figure 13. There are three sub-blocks and in combination it becomes a block load. The figure 

shows what the respective parameters symbolize. 

 

These are the three parameters that have been used for the optimization software 

o Range [Ri] where i is the index, which is expressed in the following 

equation 

o Mean [mi], which is expressed in the following equation  

o Number of repeats (cycles) [ni], which shows how many cycles it takes 

before failure occurs on the component. 

3.1.1 The framework – nCode and HEEDS 

To prepare for the optimization tasks, nCode must be connected to HEEDS. How these 

are linked to each other is a process that deserves an explanation, as most of this master 

thesis has been done in HEEDS and it is this software that ultimately determines the 

design of the test rig. After importing the data from nCode a setup must be made by 

defining all parameters that HEEDS must consider for the simulation. The software 

framework is shown in Figure 15 below. 

 

𝑅𝑖 = ∆𝐹 = 𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛 (3) 

𝑚𝑖 = 𝐹𝑚 =
𝐹𝑚𝑎𝑥 + 𝐹𝑚𝑖𝑛  

2
 (4) 
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Figure 14. The framework of the coupling between nCode and HEEDS. 

 

As seen in the figure, the process begins from the blue frame, execution of fatigue life 

calculation in nCode, which shows where the FEA based fatigue life is determined, in 

order to be used as input for optimization. The process continues in the red frame, where 

everything the optimization software is based on is defined in HEEDS. This includes 

which objectives that need to be investigated, what constraints exist in the operation 

(like the constraints on the forces so the software can generate reasonable values) and 

how many loops HEEDS should run to find the optimized values. The final HEEDS 

values are used for the test rig, which should then be able to simulate target life. 
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3.2 Task 1 – Uniaxial loading sequence 

In this task, the loading from the actuator that affects the lower control link-arm has 

uniaxial loading, which means the loading is only from the x-direction (as defined in 

figure 11). The optimization process for this task is described below. 

3.2.1 Objectives 

For task 1, the following objectives have been defined in HEEDS 

 Minimize the total test time. This parameter is related to the total number of 

cycles in the block load. As previously described, time and cost are critical for 

companies. The longer it takes to conduct a test, the higher the cost for the 

company. Therefore, it is important to decrease the testing time much as 

possible while preserving the accuracy of the test. This is a challenging problem 

to solve. 

 Minimize the calculated life relative error, for each of the eight selected 

elements. As mentioned in section 1, the simulation of the designed test rig 

should as much as possible correspond to a real dynamic event scenario, e.g. 

full vehicle durability test. To determine how close the rig is to a real scenario, 

equation 4 is implemented in the defined objective of the calculated life relative 

error for each element in HEEDS. 

The “target life” is the optimal fatigue life that is to be achieved for each 

element. 

“Block life” is the calculated fatigue life for each loop in the optimization 

process. 

3.2.2 The setup in HEEDS 

Once the objectives have been defined, the focus can go to other aspects so that the 

optimization software can provide reasonable values.  

 The input variables which HEEDS uses for each optimization loop must be 

defined. These are range, mean and number of cycles. Since there are three sub-

blocks, the total number of variables is nine. 

 Constraints are set on the maximum relative error for each one of the eight 

elements. As elements with a shorter fatigue life also have a higher risk of 

fatigue failure, the allowable relative error becomes smaller. The relative error 

must be lower than the specified value associated with the target life category 

(see table 1).  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 (𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡) = |
"𝑏𝑙𝑜𝑐𝑘 𝑙𝑖𝑓𝑒" − "𝑡𝑎𝑟𝑔𝑒𝑡 𝑙𝑖𝑓𝑒"

"𝑡𝑎𝑟𝑔𝑒𝑡 𝑙𝑖𝑓𝑒"
| (4) 
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Table 1. The constraints that have been defined and used in HEEDS for task 1. 

 
 

 Weights (W) are applied for each objective. The weight affects the optimization 

process by increasing the importance of the objective by a factor of W. In this 

master thesis work, one of the main goals is to minimize the duration of the test. 

To achieve a better understanding of the relation between relative error and 

weight, the effect of three different weights (1, 4 and 8) were examined. 

 The final step is to define the number of evaluations the optimization software 

should run must be defined. A good rule of thumb is, the higher number of 

evaluations the program runs, the better the results. The disadvantage of running 

many evaluations is that it takes long time.  

The simulations that have been performed for this master thesis have used 500 

evaluations, which is a reasonable value. It takes on average about 1 hour to 

perform one such simulation.  

3.2.3 Pareto frontier 

The defined objectives are minimizing the total test time and minimizing the calculated 

life relative error for each of the eight selected elements.  

As there are nine objective values and eight elements the optimization process becomes 

complex to post-process. To make it simpler all eight objectives, to minimize relative 

error, are combined to a single objective. The details of how this is done are explained 

in the “Results” section.  

To analyze the two resulting objectives, HEEDS uses a pareto frontier (see section 2). 

From the relation between the objectives, and the resulting pareto front, a value can be 

selected that matches the test criteria of the test rig.  
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3.3 Task 2 – Multiaxial loading sequence 

This task is based on almost the same factors and conditions as in task 1. The difference 

is that the simplified loading sequence is applied on the LCA with one actuator in only 

one direction in the X and Y plan at an angle α compared to X-direction. An illustration 

of the LCA under the conditions of task 2 and a realistic example with an angle on the 

actuator is attached, is shown in Figure 16. 

 

 

Figure 15. The setup of LCA in task 2 and the realistic example when there is an angle on the 

actuator. 

 

3.3.1 Objectives 

For task 2 the following objectives have been defined in HEEDS, some of the tasks are 

already described in task 1 

 Minimize the total test time. 

 Minimize the calculated life relative error, for each of the eight selected 

elements.  

 Find the angle on the actuator, the position of it. This is related to minimizing 

the total test time and calculated life relative error. The right angle will define 

how the actuator should be positioned to correspond a good optimization of the 

above objectives in HEEDS.  

3.3.2 The setup in HEEDS 

The procedure in HEEDS is almost the same as in task 1, with some minor changes due 

to the actuator being multiaxial. The applied changes are described below. 

 The first step is to define the input variables are defined as previously described, 

and used for each optimization loop. However, the total number of variables is 
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now twelve, as each of the three sub-blocks contains four parameters. These are 

range, mean, number of cycles and angle. 

 As in task 1, constraints on the relative error must be applied in HEEDS, to keep 

the optimization on the right track. For task 2, there is also a constraint on the 

angle between actuators, as it is limited to the range 0 – 180 degrees. The 

addition of an angular constraint affects the maximum relative error for each 

fatigue life category. The new values are shown in Table 2. These are assumed 

values that are considered reasonable for the simulation to show a result where 

relative error can be within reasonable values as well as the angle. As can be 

seen, these values are significantly higher than in task 1. 

Table 2. The constraints that have been defined and used in HEEDS for task 2. 

  
 

 The weight (W) must again be defined for each objective. As mentioned earlier, 

the weight indicates the importance of the objective by increasing its effect in 

HEEDs by a factor of W. To examine the relation between relative error 

weights, five different weights were used: 1, 4, 8, 16 and 32. The additional two 

weights are because of the added variable (angle), which can affect the relative 

error vs weight relationship. Therefore, it is interesting to see how the software 

can handle twelve variables rather than nine, i.e. if the results show interesting 

values depending on the angles and if the relative error differs from task 1. 

 In the same way as in task 1, the number of loops to run must be defined. The 

simulation is set to perform 500 cycles. It takes an average of 1.5 hour to 

perform each simulation. 
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4 Results 

The methods used to get results are based on two computer software’s, HEEDS and 

nCode. Mathematical models have been created that contain equations with 

implementation input design variables. 

In this chapter, the results from task 1 and task 2 will be presented. The results will be 

presented based on the pareto front and an explanation from the optimization software.  

4.1 Task 1 

After identifying the important parameters for the test rig and running the optimization 

loop, values that may be applicable to the rig are obtained. How the simulation process 

went can be seen in the method section, the results will be explained below.  

The results from the simulations shows different weights. The higher the weight is, the 

more test time is considered to be important in the optimization software, and it will 

prioritize it more which also affects the relative error. If it the weight is high, the 

software will not prioritize to decrease the relative error which is important. The result 

of it can be seen in following table, Table 3.  

Table 3. Results from the simulation for task 1. 

WEIGHT 1 4 8 
Feasible # 127 36 41 

Optimum design of 500 simulations 

Element ID Relative Error (%) 

#87 2 5 15 
#78 2 0 7 
#93 2 13 11 
#46 7 8 7 
#68 23 25 24 
#54 44 45 44 
#95 18 28 45 
#89 6 10 10 

Test Total 
Time (h) 1.65 0.96 0.49 

 

The table above shows the relative errors for the chosen elements with different 

weights. It can be seen that the values are within reasonable values, compared with the 

constraints used for related errors within the defined low, mid and high life categories. 

Referring the reader to see Table 1 to get better understanding.  
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Even though these are within reasonable values, it is possible to see that those with high 

life do not correspond much to the target life as the low life. It might be that it happens 

like that because it is an area where there are not so high stresses and that life scatter 

compare to stress variation is higher in the low stress area. Another reason may be that 

the optimization program does not focus on optimizing the less-affected areas, by 

reducing related error so much, but prioritize more those areas most affected by high 

stresses, i.e. mid and high life. 

4.1.1 Comparison of the different weights 

By comparing the different weights, it can be seen how the optimization has prioritized 

the different objectives. In this case, priority has been given the time it takes to perform 

a fatigue test, as seen the result in Table 3. 

In the table, it is possible to see a pattern that shows the lower the weight is, the closer 

each element comes to the real target life. However, the time is increasing. From this, 

it is possible to see how the program prioritizes what is at the top of its list to be 

optimized. 

The weight 1 shows low relative error values especially in the low- and midlife 

category, which is almost identical to the target life. As it can be seen it has very high 

feasible values, and this means the best design optimization values that can be used on 

the test rig out of the 500 cycles that HEEDS have generated. It is important to know 

that a higher feasible number are better and those numbers are obtained from the 

optimization values. And from it the software can choose the best design value for the 

test rig. For the result for weight 1 shows the time 1.65 hours (99 minutes) and that is 

a reasonable good time for a test which has to be repeated several times on separate test 

samples. But keep in mind if the company wants to have good time values, it costs more 

for the company. To use values from the weight 1 might be a high cost for the company. 

To make a choice good or short time value depends on what the organization looking 

for, i.e. qualitative lower link-arm that is close to the target life but that takes more time 

to be done or vice versa. In other words, the performance of the qualitative endurance 

tests or a test that is done quickly can be to get a rough calculation of fatigue. 

The weight 4 has advantages and disadvantages. What is good about it is that the time 

taken to perform the test is low, which is done very quickly and the values under the 

low life category are very low. The downside is that the majority of relative errors are 

high and the number of feasible is the least for that particular weight. However, the 

process has gotten well with the values that are still acceptable. The time taken to 

perform a test with the test rig to be designed is 0.96 hours, approximately 58 minutes.  

The weight 8 also has pros and cons. What makes it good is that it takes the shortest 

time to perform a fatigue test, which means with that method it costs the least for the 

company if compared to the other weights. However, it has a very high relative error 

value and it does not correspond much to the real scenario, which is the target life. The 
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time taken to complete a test is 0.49 hours, which corresponds to approximately 30 

minutes.  

4.1.2 Pareto frontier 

It was mentioned earlier that there is a total of nine different objectives defined in 

HEEDS that have been analyzed and a relation between them to be investigated. In 

order to enable data to be analyzed the objectives must be reduced to the minimum 

possible. How this is done is explained in the figure below.  

 

 

Figure 16. The process of reducing the number of objectives, as it shows only to two. 

 

The eight objectives that tells the optimizer software to minimize relative error can be 

reduced to only one objective. The results obtained from HEEDS are compared with 

the defined constraints for the different life categorizations of the component. As it can 

be seen in Figure 17, a value is taken from the result and it is divided by the maximum 

constraint value as defined in Table 1, belonging to the same life group (for example, 

high life (blue color) divided by constraint max value with the same blue color which 

symbolizes the high life). It will result in a value shown in the right table, which the 

arrow shows. To clarify, the division will be shown below. 

The same calculation will be performed until the respective weight column is filled for 

each element. Then the average of the calculation for all elements is calculated, as 

shown in the figure above in the table to the right side. To clarify, the calculation of 

average for all elements will be shown below. 

25

45
= 0.53 = 53 % (5) 
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As the Figure 17 shows, it has been reduced to 2 objectives. For example, with the 

weight 8 it has a time of 0.49 hours and has a relative error of 61%, where it is possible 

to investigate the relation between them. This is done for each weight. 

The total result can be seen in a Pareto Front graph as shown in Figure 18, where there 

is a connection for the respective weight’s time and its relative error.  

 

Figure 17. Pareto Front graph, with the relation between the average of relative error and the 

total time test that takes to perform for the respective weight and each element. The dark circles 

indicate where the calculated average relative error are as shown in the right table in Figure 17 

and the red circle is the optimum value for the test rig. 

 

All “dots” shown in the graph show all possible solutions available. The three different 

colors shows which solution belongs to what weight. The dashed line, also called Pareto 

line, shows how the graph looks based on the design of the scattered plots and it 

indicates where the optimal values are.  

The result for task 1 does not have correct value that should be selected, because this 

depends on what the company wants to do, or how much they are willing to pay to 

perform a fatigue test on a LCA. Maybe the company are willing to pay a lot to get a 

qualitative test gives better effectiveness on the sustainability of the component. Then 

they should choose a solution on the right side of the x-axis and far down on the y-axis 

as possible. This can be done vice versa if the company wants to pay as little as possible 

and do not prioritize the quality of the fatigue test on the LCA component, they just 

want a rough test or the durability of the component is not the main focus etc. Then see 

on the left side on the x-axis and far down on the y-axis as possible.  

However, an optimal value for fatigue test on LCA is chosen somewhere in between 

with the right time and relative error. For this master thesis, a solution was chosen that 

97 + 46 + 45 + 27 + 53 + 98 + 99 + 22

8
≈ 61 % (6) 
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has an average relative error of 37%, which takes about 1.2 hours to perform the test, 

it is what the red circle indicates in Figure 18. 

4.2 Task 2 

Although the definition of the parameters mimics most of task 1, the results did not 

come close to the values as previously shown in Table 3. It has led to a worse result 

than expected, with that said the relative error is significantly higher than expected and 

the results are not relevant at all. If the Table 3 and Table 4 are compared the relative 

errors for task 2 are much larger than they were for task 1 as shown in the table below.  

Table 4. Results from the simulation for task 2 for the weights 1, 4 and 8. 

WEIGHT 1 4 8 

Feasible # 178 197 191 

Optimum design of 500 simulations 

Element ID Relative Error (%) 

#87 78 79 71 

#78 8 2 0.4 

 #93 54 55 60 

#46 57 59 55 

#68 32 36 38 

#54 46 49 50 

#95 44 45 52 

#89 34 37 35 

Test Total 
Time (h) 

15.2 0.03 1.99 

 

As seen in the table above, the values clearly indicate that the results are not reasonable. 

Studying the weight 1, the results of the relative error values for low life are too high 

and that means the test rig will differ too much from the reality damages that can occur 

on the component. Besides that, the time it takes shows that is not cost effective because 

the time taken to perform a test takes too long. 

For the weight 4, it is the same problem here as it was for weight 1 that the relative error 

is too high for low-life category and low for the high-life category. The total time it 

takes to perform the test is too short which is not at all reasonable. 

The weight 8 has the same issue as it was for weight 1 and 4, no reasonable result 

values. 

Study the remaining weights 16 and 32, as shown in Table 5, the same issue is as shown 

in Table 4. The values are too high and it indicates a result that is not reasonable. 
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Table 5. Results from the simulation for task 2 for the weights 16 and 32. 

WEIGHT 16 32 

Feasible # 198 169 

Optimum design of 500 simulations 

Element ID Relative Error (%) 

#87 76 72 

#78 2 10 

#93 82 65 

#46 58 59 

#68 38 39 

#54 50 51 

#95 71 55 

#89 58 40 

Test Total 
Time (h) 

1.77 1.65 

 

In this task, additional factor was added in the simulation, which was an angle, 

representing the angle between two actuators. What it shows for results on the angle of 

the respective weight can be seen in Table 6. 

Table 6. Results from the simulation for task 2 for the weights 1, 4, 8, 16 and 32. 

WEIGHT 1 4 8 16 32 

Feasible # 178 197 191 198 169 

Angle (in degrees) 30 30 10 20 30 
 

The angles shown are arbitrary, which shows angles that are not too wide. This means 

that these can be useful. Should the angle, however, be considerably more than 45 

degrees, the result would have been doubtful because it would not match with the theory 

as it is described earlier the goal for this task. Because of that it should be a value that 

is smaller. 

To sum up the result for task 2. As can be seen in the table above for this task, the values 

are not obtained within the acceptable limit and the theories that have previously been 

used for task 1 do not go together. For that reason a Pareto front was difficult to achieve 

to show. A reason for this might be because HEEDS cannot optimize when the angle is 

added as an additional factor. It does not understand the variable, which may suggest 

that to perform a simulation with angle included an equation must be written. This is a 

discussion question, finding the solution to that problem in order to simulate in HEEDS 

with two actuators.  
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5 Discussions 

5.1 Generalization 

The result of fatigue testing for task 1 and 2 is based on some preliminary studies that 

have been done earlier, which has facilitated some work and this is an advantage due 

to the lack of time in the master thesis project. Due to the limitations in time only one 

component was investigated, lower control link-arm. It would be a great advantage for 

the company to investigate for a few more components and then develop a generalized 

model that fits most of components when performing fatigue tests, this can be done at 

a later stage.  

5.2 Task 1 

Performing optimization simulations in HEEDS with a uniaxial load of 1 kN has been 

challenging. For each simulation that is done, it must be modified and in other words 

the input design variables need to be rewritten and new values inserted and the 

constraints defined differently. This is time consuming, but that is how the optimization 

software must be used. However, at the current time HEEDS appears to be the best 

choice for this problem. 

Every simulation where the resulting values obtained are within constraints, is unique. 

This is since all solutions obtained with the optimization program are plotted in a pareto 

front graph, as shown in Figure 18. However making these pareto graphs requires a lot 

of manual work. Good tools in the program that can perform post-processing, such as 

a tool that can create a good pareto front graph, would simplify the work. It means that 

the time required for an engineer to perform the analysis will be reduced. As it appears 

today, the values obtained from HEEDS are applied in an Excel sheet (a software by 

Microsoft Office) and after some post-processing, the final result becomes a reasonable 

pareto front curve.  

5.3 Task 2 

Performing optimization simulations by taking into account two actuators has been 

difficult. Because it did not apply the same theory as in task 1, it was not possible to 

get the values that were expected.  The input design values have also been modified to 

determine if the problem is there, although there was no solution.  

After several different simulation attempts to change the input design values and change 

the constraints on the simulation, it was assumed that an equation needs to be added to 

make the simulation obtain good results. If an equation which describes the added 

angle, was added then the optimization software might understand it as to include an 

additional factor. Since there is a time limit on this master thesis, there was no 

opportunity to find the equation. 
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6 Conclusions 

The tasks that has been performed to design the test rig for a lower control link-arm is 

based on only one actuator and finite element analyzes with use of the software nCode 

and optimizations with the optimization software HEEDS. That will simulate real event 

scenario that the rig will be able to perform to get the fatigue life on the component. 

The difference between the tasks is that in task 1 the component is affected by uniaxial 

load i.e. load where the actuator is in the x-direction with the force 1 kN. In task 2, the 

magnitude of the load is the same as task 1 but it takes place in the x- and y-direction 

instead.   

The final goal is to find a solution that makes the test rig have minimal margin as 

possible on the fatigue life obtained in a real scenario in comparison with a test obtained 

by the rig. The result of this is shown in a pareto front curve (as shown in figure 18) 

with multiple different solutions based on different weights (1, 4 and 8) on the time, 

which is an order in the optimization software of what objective it should prioritize. 

Based on the graph, a suitable solution for task 1 was selected that has an optimal time 

and relative error. The time required for a fatigue test to be performed on the LCA 

component is 1.2 hours, which gives an average relative error of 37%. For task 2, as 

described earlier, it was difficult to find a solution that gave reliable results.   

6.1 Future work 

There are a lot of things that needs to be investigated before a complete working model 

for LCA can be used to simulate the real target life. Here are some listed without any 

particular order, 

 Create a model with more than one actuator. It will take more time to work with 

the model but it will give a more realistic performance and better results.  

 If possible, get the model to describe the test rig that can be used for all 

components where minimal parameters of change and equations can be made.  

 Improve the simulation so that it can simulate the reality as much as possible. 
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