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Abstract 
Our thesis is made in collaboration with Autoliv Sweden and the department 

Global Development Seatbelt in Vårgårda. 

Autoliv was founded in 1953 by two brothers from Vårgårda. Since then, they 

have become world leading in automotive safety and cooperates with several 

major automotive companies. 

 

The aim of the project was to evaluate a concept that Adrian Bud for Global 

Development Seatbelt department in Vårgårda had come up with. The concept 

aims to simplify the design and reduce the number of parts in an adaptive load 

limiter (LLA). With a reduction in the number of parts, the price for the LLA 

would decrease and also make assembly easier. 

 

An LLA adjusts the chest compression from the seatbelt in a crash sequence. This 

helps reducing the injury that might result from such chest compressions in a 

crash. The load limiter ensures that the slowdown of the body is done in a smooth 

manner by adjusting the amount of belt released. 

 

Our concept evaluation has included conceptual design, primary design, 

visualization of design in Catia V5 and FEM analysis. Finally prototypes were 

built with the help of Autolivs central workshop and tests were performed at 

Autoliv. The report also includes analyzes of the results, recommendations for the 

continuation of work and development and a critical review of the evaluation.  
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Sammanfattning  
                                                                    elningen 

Global Development Seatb              . 

Autoliv grundades 1953 av två bröder ifrån Vårgårda. Sedan dess har de        

                                                  många                 . 

 

                                                ncept som Adrian Bud på Global 

Development Seatbelt avdelningen i Vårgårda hade kommit på. Konceptet går ut 

på att förenkla konstruktionen och reducera antalet detaljer i en         

               . Med en reducering av antalet detaljer skulle kostnaden f   den 

adaptiva kraftbegränsaren minska samt underlätta monteringsarbetet. 

 

En adaptiv kraftbegränsare justerar bältets tryck över bröstet under 

krockförloppet. Detta bidrar till att minska de skador som kan uppkomma på t.ex. 

bröstkorgen vid en krock. Kraftbegränsaren ser till att uppbromsningen av 

kroppen sker på ett mjukt sätt genom att justera mängden bälte som släpps ut.  

 

            t                                                                , 

visualisering av konstruktionen i Catia V5 samt F  -                            

                     av                                                     

Autoliv. Rapporten inkluderar även analyser av resultat, rekommendationer för 

fortsätt arbete och utveckling samt kritisk granskning av utvärderingen.    
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2. Introduction 
This chapter starts with a short company presentation of Autoliv followed by the 

background of the project. The problem will be defined alongside with the set 

boundaries. Furthermore the purpose and the goal of the project are being 

presented as well as the method that will be used to solve the problem.   

 

2.1 Company presentation 
Autolivs vision is to substantially reduce traffic accidents, fatalities and injuries. 

They achieve this by developing and producing different types of automotive 

safety products. 

 

Everything began in 1953 when two broth                          the 

company and started manufacturing seatbelts. In 1974 the company was bo     

                       later was bought by Electrolux and in 1984 the name 

was changed to Autoliv. In 1997 the company merged with Morton ASP to create 

Autoliv Incorporated. 

 

Today Autoliv is one of the largest companies in automotive safety and they have 

43000 employees in 29 countries. They manufacture automotive safety systems 

for most major automotive companies around the world. Their biggest market 

share is in Europe which consist of 38 %, followed by North America with 29 %, 

Japan, China and the rest has 11 % each. 

 

Autoliv are pioneers in their field and they claim their products save over 25 000 

lives every year. They produce frontal airbags, side impact airbags, different types 

of seatbelts including trunk belts, inflators, child seats, integrated child seats, anti 

whiplash seats, pedestrian protection in form of an active hood and an airbag, 

night vision system and steering wheels. 

 

2.2 Background 
When a car crashes due to collision with an obstacle, the seatbelt is there to 

protect your body from severe injury. NTF states that seatbelts are the most 

important safety device in automotives, both in the front seats and in the back 

seats. According to NTF a three-point seatbelt decrease the risk of severe injury in 

a collision by 50 %. NTF also claims that by using a seatbelt 60-70 lives could be 

saved in Sweden every year.  

 

Many of todays automotives are using load limiter to further decrease the injury 

due to the seatbelt. When a car collides with an obstacle at high speeds, the 

occupants inertial speed is very high and it takes a high force to stop the 

occupants. If the car collides with an obstacle during low speed, the force to stop 

the occupant is not as high. This means that the seatbelt will have to withstand a 

higher force to stop you when colliding at a higher speed. The result of this is that 

the seatbelt will apply a higher chest compression to the occupant. 
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The idea behind a load limiter is to decrease injuries due to the seatbelt in a 

collision by releasing a bit more webbing when a high force is applied to it.      

There are several different types of load limiters. The simplest designs are using a 

fold sewed into the seatbelt webbing, which breaks when the stitches is exposed to 

a certain force. More advanced load limiters uses techniques with torsion bars and 

retractor mechanisms.   

 

The first load limiter was introduced to the market in 1995 by Autoliv in 

cooperation with Renault. Autolivs LLA function went in production the year 

1999 and it is Dr. Gunter Clute who has the patent on it. They started producing 

load limiters with the goal to reduce chest compression made by the seatbelt in a 

collision. There is a scale built into all of the seats in the automotive. The scale 

can determine the weight of the occupant in the seat and adjust the system to fit 

the occupant, shifting between high to low force limit. If the load of an occupant 

becomes high due to a collision the system allows the webbing to be pulled out 

slightly. This system is especially important for elderly, as studies have shown 

that they only could take half as much pressure on their rib cage as a young adult.  

 

When using a traditional load limiter, there is the 

same pressure to the chest, regardless of the 

weight of the occupant. This leads to different 

movements of the dummy. The fifth percentile 

(50 kg) dummy has less kinetic energy than the 

fiftieth percentile (75 kg) dummy. This means a 

moving fifth percentile dummy require less 

braking energy than the fiftieth percentile 

dummy. This leads to the fifth percentile dummy 

stops too early and do not hit the airbag correctly.      

 

When using an LLA the fifth percentile dummy 

will trigger the load limiter to shift to the low 

stage directly (appendix 4). This results in a 

reduction of the pressure on the chest. The fifth 

percentile dummy moves the same distance as the 

fiftieth percentile and ninetieth percentile (95 kg) 

dummy. This will give the five percentile dummy 

the correct and position for the airbag. 

The same thing happens with the fiftieth 

percentile dummy compared with the ninetieth 

percentile. The shift to low stage happens earlier 

for the fiftieth percentile dummy than for the 

ninetieth percentile dummy.  

Adrian Bud at Autoliv saw the opportunity to 

reduce the number of parts in an LLA and 

thereby save money by reducing the time for 

assembly and the price of the LLA.    

Figure 1. Traditional load limiter. The y-axis is the pressure against 
the chest in kN, the x-axis is the dummies movement.  

Figure 2. LLA. The y-axis is the pressure against the chest in kN, the 
x-axis the dummies movement.   
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2.3 Problem definition  
Simplification of the already existing design of Autolivs spindle ring for Load 

Limiting (LL) switch (shifting between 96 Nm to 22 Nm torque load in 60 ms). 

Autoliv would like to reduce the number of parts needed and further improve the 

technical solution of the LLA. The spindle ring will go from being a part which 

has one function to a multi functional spindle ring. The concept will be evaluated 

to see if it measures up to the actual standards, for instance same strength and 

properties as the old one but with fewer parts. See appendix 2 for project 

description in Swedish.  

 

2.4 Limitations 

 This project will evaluate a concept design for the LLA. There is no 

requirement for a final functioning design. 

 This project will utilize existing test methods hence no further 

development of test methods will be needed.      

 When tolerance calculations in Catia V5 are made, this will only be 

required in the sectional area.  

 The LLA will be reduced from nine to five parts, Autoliv have already 

decided which ones that will be removed.  

 When testing the LLA, the torque tube and spindle will be already 

existing parts. The modification of the parts will be done with a mill, 

so there is no possibility for adding material only removing.   

 No modifications to the two torsion bars are allowed.   

 In the new design the pawls must be integrated in the spindle ring.  

 All the modified parts in the LLA must be in the same material as the 

previous parts were.  

 The new design must achieve the same results (or better) when testing 

as the current design does.  

 

2.5 Purpose 
The main purpose of the project is to reduce the number of parts needed in the 

LLA detail. This will increase the profit of manufacturing the seatbelt retractor in 

two ways. A reduction in the number of parts will decrease the cost of the detail 

as well as the assembly cost. Because the detail probably will be lighter than 

before, and with fewer parts, it will have less negative impact on the environment.  

 

2.6 Goals 
The primary goal for this project is to verify a concept that has been invented by 

Autoliv. The concept regards a reduction of the number of details in the LLA, 

from nine to five. A verification and evaluation of the concept in a concept 

evaluation matrix will show if this is a successful idea or not.  

 Three CAD visualizations of designs  

 Concept evaluation matrix of the three designs 

 Verification that the design meet the requirements in the Design Goal 

Document (DGD) (appendix 6) 



3. Theoretical framework  

V 

 

 

2.7 Individual responsibilities 
Project participants will do all the steps in the process of developing a good thesis 

together. If the different areas of the project must be divided and have one of them 

in charge, this is the main idea of division. 

Simon – CAD construction, product research, description of design ideas, 

estimations of design, contact with Autoliv and supervisor at Halmstad 

University.  

Miranda – Gantt chart (appendix 1), introduction of the project (methodology), 

evaluation of the design ideas, testing, building up the structure in the report and 

presentation.   

 

3. Theoretical framework 
Different theories that might suit this project will be discussed in this chapter. A 

thorough description of the chosen methods will be presented and each stage 

explained. Some stages will be left out in this report because of different reasons, 

they are discussed below.    

 

3.1 Discussion of method  

The method that is selected for this report is Fredy Olssons design method, 

Principal design (1995) and Primary design (1995).  The principal and primary 

design methods will be used most of the time, but there are parts in this report 

where Fredy Olssons methods cannot be applied. In the chapter where the method 

is explained, there are explanations of why in some parts the method cannot be 

followed and what method that is used instead. In many of those cases Autolivs 

experience has been taken into consideration instead of following Fredy Olssons 

method.       

 

There will also be some other methods used, such as brainstorming (Landqvist 

2001) and Autolivs DFMEA analysis.    

Because this is a project of verification and not development, the method should 

focus on verifying an already existing concept as precise as possible. A concept 

evaluation should contain numerous of different tests to prove that the concept is 

legitimate. The method should consist of as much verification as needed to be sure 

that the concept is valid. 

 

In the design method developed by Fredy Olsson (1995), there are evaluations of 

designs as well as product development. He suggests working with requirements 

of the product and trying to satisfy those when designing a new product. There is 

very little focus on design in Fredy Olsson principal design (1995) and primary 

design (1995) and more focus on improvements when you know what needs to be 

improved.  

The importance of having a method to follow is great and the key to success with 

a strict method are to find the right one. The method helps the work to be 

consistent and no important steps to be missed. This will give a greater chance of 

developing a solid product.   

 



3. Theoretical framework  

VI 

 

 

Other methods that was looked into and discussed where: 

 The methods used in the book The mechanical design, by David G. 

Ullman. This method should be used when developing a new product, and 

not when changing an already existing design.  

 The methods used by Swedish Industrial Design Foundation (SVID). 

SVID focus on design and use tools as image boards etc for getting a feel 

for the new product. This project will focus on construction and not 

design. 

 Six sigma method, original developed by Motorola. This is a group of 

techniques and strategies which focus on quality improvements. The goal 

is to make some saving trough reduce the reasons of defect and variations 

in manufacturing and business processes.   

 Lean production method, derived mostly by the Toyota production system. 

This is a method used for optimization of a flow. The method uses the 

client which consumes a product or service and then makes development 

strategies regarding its needs.   

 

3.2 Brainstorming  

Brainstorming is a tool used for generating a large number of possible solutions to 

a problem. It is a very effective method when a design shall be optimized, as in 

this project. There is only one rule to this method – no ideas are stupid. 

According to Jan Landqvist (2001) the brainstorming should be over a short 

period of time, maximum 45minutes. If that time is not enough, a new session 

should be done another time with a long break between the first and the second 

session. The break will prevent the ideas to run out, giving the brain a much 

needed break and some time to reload.   

Brainstorming should start with giving the group some ground values for the 

project. After some information, the group should together discuss and use each 

     ’  associations for new designs. Even ideas which seem stupid should 

according to Jan Landqvist (2001) be brought up. These ideas may give 

inspirations to new ideas and/or give another person in the group a good idea. 

The goal is that all inhibitions are to be released and as many ideas to be 

generated as possible.    

 

3.3 Principal design 

This is the initial design work where the main focus is to develop a principal 

solution to a demanded problem. Through different alternative solutions the best 

design will be presented. The solution will then be presented in a prototype.  

Before this work begins, a Gantt chart should be done where the main tasks, 

deadlines etc should be well marked in a block diagram subdivided into weeks. A 

project plan describing the purpose as well as the goal for the project should also 

be done before the principal design process begins.   
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3.3.1 Product definition 

According to Fredy Olsson (1995) a product definition should be done, where the 

different components in the product should be explained and the product defined. 

The focus is on user area, user and everything around the product. There are five 

different aspects to the product which should be explained (Fredy Olsson 1995). 

Product – User area or context of use, the extent of the product and the 

connections between them.   

Process – The main task (or tasks), subtasks, the connections between them and 

underlying reason. 

Environment – The environment and places the product are being used.  

Human – Which people will be concerned about this product and the relationship 

and interaction between human and product. 

Economy – Economic conditions and dependencies.     
 

3.3.2 Product research and criteria 

Product research – The product research contains an analysis of the background of 

the product as well as speculations in what the future might bring. The 

background of the existing market for the product and where strengths and 

weaknesses of the product are highlighted should be enlightened. There should 

also be information about how the product is produced, marketing and economy – 

if relevant.  

Product criteria – This part should contain a list of requirements and desires for 

the new product. The requirements should be specified so no misunderstanding 

can be done. They should be measurable and at the same time not limit the 

development process. This stage will facilitate the evaluation of the product later 

on.  

 

3.3.3 Development of product proposals 

In the development, simple and sometimes incomplete product proposals are 

looked into and further developed in stages. The first step is often easier sketches, 

the best of them progress to full product suggestions. Overall design and 

construction method should be presented for each proposal.       

 

3.3.4 Evaluation of product proposals 

According to Fredy Olsson (1995) the evaluation should be done in different 

steps, so called evaluations rounds. It is very important that the evaluation has 

solid ground so the best solutions remain and the rest is culled. The evaluation 

should be done in three steps: Primary evaluation, Intermediate evaluation and 

Final evaluation.  

In the Primary evaluation a quick evaluation where solutions with no or very little 

interest were removed. The proposals should meet the most important criteria and 

the screening can be done by sense, experience or rough estimations.   

The Intermediate evaluation has more depth than the primary evaluation. Here the 

solutions should be further developed and the criteria specification should be 

looked into. Between two to four solutions should be left after this step. Autoliv 

would like to have three different solutions.    
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The most suited principal proposal (could be two) should be selected in the Final 

evaluation. The Final evaluation in this report will assume Adrian Buds previous 

experience and knowledge in the field together with a concept evaluation matrix. 

This solution will go through estimations, testing and in detail be compared with 

the criteria specification.   

 

3.3.5 Presentation of product proposals 

The product proposal should be processed to presentable sketches in 3D or by 

hand. An explanatory text should accompany the drafts for a full understanding.  

In this stage fulfilled criteria, pros and cons should be written down for further 

development of the product in the future.  
 

3.4 Primary design  

The primary design should follow the principal design, and therefore the function 

and how it work should already be decided. The focus should be on the whole 

product, its components and compiled drafts should be done. This stages goal is to 

present a primary useable product.  
 

3.4.1 Product draft 

In the product draft a complete list of all parts in the product should be presented 

in a sketch. It should also contain how the parts interact with each other as well as 

rough dimensions.  

 

3.4.2 Components analysis 

In the component analysis the different components of the product must be 

selected. According to Fredy Olsson (1995), this can be done in three different 

ways. The components can be selected because it has been used in a similar 

product before, default components can be examined to see if they meet the 

requirements or new components can be selected after research. The product can 

be adjusted to fit standard components and through component selection the 

product seeks to achieve the requirements and desires for it. As much finished and 

pre used parts should be used as possible. Pre used parts are known and therefore 

the cost for the components can be reduced when no new components has to be 

made and tested.  

 

Since this project focuses on an already existing concept there is no need for other 

components. The relevant parts in the concept will be given a short presentation in 

the product draft, a short explanation on how they interact and also which are to 

be removed. 

 

3.4.3 Detail design 

The detail design should include drafts of all the details in the product. The unique 

details design, material and design are determined by requirements and desires. 

Fredy Olsson (1995) divides the detail design in the primary design method in 

three parts; Decision, division, analysis and criteria specification, Solution search 

and Solution assessment and solution preparation. In these parts requirements and 

desires regarding the environment and safety should be brought up. Some 



4. Principal design  

IX 

 

 

sketches for different alternative solutions for design, material etc are taken in 

consideration and at last an evaluation is done to see how this fits the criteria.   

This part was excluded in this report because there was no need for this to 

evaluate the concept.  

 

3.4.4 Product overview 

This stage should be done when all the components are selected and compilation 

for the product is desired. The Product overview will give a view over the 

products design and will serve as the engineering basis. This part will not be 

necessary in this report, because there is no external components in the design and 

the previous chapter will give a good overview.  

 

3.5 Failure Modes and Effects Analysis 

Failure Modes and Effects Analysis (FMEA) is a method used for predict what 

errors that can occur and how serious they can be. A table is used where all the 

possible failures are presented. They are then rated on a scale from one to ten, the 

higher number they get the greater influence they have.     

 

According to Bergman and Klefsjös book about quality (2007) the method is 

about identification of errors in the components on system level and the 

consequences of them. An evaluation of how severe damage they can do, how 

likely it occurs and the probability that the failure is detected before it occurs. 

This will result in a greater chance to fix the problem before it occurs. 

 

In this case a DFMEA, Design Failure Modes and Effects Analysis, will suit the 

needs and is better used when doing a concept evaluation for a new design.  

This report will utilize a standard DFMEA used by Autoliv.  

 

4. Principal design 
This chapter will focus on defining the product. It will be a very legible 

description of the design, its primary and secondary appliance, its environment 

and the contact with humans both when assembly and other possible contacts. 

 

4.1 Product definition 
 

4.1.1 Product 

The product in this report is the seatbelt retractor, but it is the LLA, a function in 

the seatbelt retractor, which is the main focus in this project (appendix 5).  

The LLA was first produced in 1999 and patented by Autoliv, Dr. Gunter Clute. 

The LLA consists of nine different parts (see chapter 5.1). One stop washer (to be 

eliminated), one end piece (to be eliminated), two pawls (to be integrated in the 

spindle ring), one spindle ring, one spindle, one torque tube and two torsion bars 

(high and low).   

In an automotive there is electronics in the seat which register the weight of the 

occupant sitting in the seat (the LLA have two different stages, depending on the 

occupants weight in the seat.). When a collision occurs the LLA shifts from high 
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to low load limiting force after a certain time, an electrical signal from the 

automotives ECU controls the seatbelt shift from high to low load limiting level. 

The intention is to reduce the chest deflection. A lighter occupant is eased with 

much less power than a heavier one in a collision. The seatbelt is somewhat 

elastic, in a collision the seatbelt retractor let some belt out and then it catch the 

occupant for minimizing the injuries. The retractor allows webbing extraction 

when the webbing force exceeds the preset value. When the LLA is set to the 

higher stage, it can take more force before it deforms and vice versa. 

 

Earlier when this technique was not       “              ”                       

collision due to the high pressure the seatbelt put over their chest.   

 

4.1.2 Process 

The main task for an LLA is to minimize injury to the occupant in the automotive 

when a collision occurs. The LLA is a part of the seatbelt retractor and helps 

minimize the risk of injures. It does this by restricting the chest compression done 

by the seatbelt. 

The change from high to low is being issued by the ignition of a gas generator. 

The ignition pushes the spindle ring upwards thus releasing the torque tube which 

puts the load on the low level torsion bar (appendix 3). This is done in a mere 60 

ms. 

The load can be switched at any time but at the earliest 10 ms after the 

pretensioning trig. The torsion bar is basically a length of metal that will twist 

when enough force is applied to it. The torsion bars come in a few different sizes 

where the biggest one is good for 98 Nm torque, the spindle ring should be able to 

withstand a 150 N distraction. Furthermore when the spindle ring is pushed 

upwards the load must not exceed 800 N during a torque of 98 Nm from the 

torsion bar. 

 

4.1.3 Environment 

The LLA is, as mentioned earlier, a function in the seatbelt retractor. The 

placements in automotives are different depending on space and design in the car 

for example. The seatbelt retractors are next to or over the passenger seats or 

driver seat. It is over your left or right shoulder or it could be placed in the b-pillar 

of the car, depending on where it fits in the car and the best place in terms of 

packaging. The LLA parts are an integrated unit in the complete retractor.  

You can find an LLA in a wide variety of new automotives. They manufacture 

automotive seat systems to all major automotive companies (see chapter 2.1). 

According to Autoliv you can find their LLA almost all over the world.  

The seatbelt retractor has to withstand the wear of everyday use of a car, which 

might include driving in dusty environments, water, salt etc. Since there is such a 

wide variety in terms of usage, a wide variety of test are conducted by Autoliv to 

make sure the seatbelt retractor can withstand the strain put on it. 
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4.1.4 Human 

The targets for this product are front seat occupants who might be in the 

automotive and are using the seatbelt equipped with an LLA. Most people won't 

reflect on the LLA normally, but when an accident occurs, this function affects 

everyone in the automotive. 

One of the main reasons for this project is to minimize the time for assembling an 

LLA (see chapter 2.5). Both because it will have fewer parts and the assembling 

will therefore be easier. The assembly is done by hand of a worker at Autoliv. 

There is no situation demanding an interaction between an LLA and a person after 

assembly. After a collision the whole seatbelt retractor is replaced, and therefore 

also the LLA. This should be done in a workshop by authorized person. 

 

4.1.5 Economy 

As mentioned before (see 2.6) the main focus for this project is to evaluate a 

concept which will reduce the cost of the function LLA in the seatbelt retractor.  

By reducing the components from nine to five parts, the time for mounting would 

decrease by 2.4 seconds per seatbelt. According to Adrian Bud a reduction of 2.4 

seconds would on 2 million LLA seatbelts, which Autoliv sells today with an 

increasing demand, save around 5 million Swedish kronor per year.   

Autoliv claims the LLA does not need any maintenance during the time it is being 

used. 

 

4.2 Product research 
Before the start of the project, several scientific articles and publications were 

researched. Several databases including Compendex and IEEE Explore were used 

to gather useful articles and publications. 

An article called ”Concept study of adaptive seatbelt load limiter using 

                        ”            C                       bject of a new 

technology for an LLA. Although this touches the subject area of this report, it is 

not particularly useful for it. 

Several other articles were studied but none really highlighted the area of the 

report. The main reason why no articles touching the subjects are to be found is 

probably because Autoliv already has a patent on this technology according to 

Adrian Bud. Even though some other companies may be working on similar ideas, 

it might be hard to find them in the databases that have been used. The reason for 

that is because they probably want to keep that kind of information for 

themselves.  

 

4.3 Product Criteria 
The DGD contains all the product criteria and are therefore not listed here 

(appendix 6).    

 

4.4 Development of product proposals 
The new product will be five parts instead of the current nine (appendix 11). 

Autoliv has already decided which parts that will be removed. During the 

development of the product proposals the main focus has been put on the spindle 
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ring. The surrounding parts, torque tube and spindle, will be adjusted to fit the 

spindle ring. Therefore all the proposals have been sketches of the spindle ring 

and it is that part that has been developed. The task is to integrate the pawls in to 

the spindle ring, follow the limitations and get a product which fulfills the DGD 

(see chapter 2.4 and appendix 6). No adjustments have been made to the torsion 

bars.  

 

4.4.1 Brainstorming 

Brainstorming was done according to Jan Landqvists (2001) method. The 

brainstorming was done in 45minutes interval two times, with a day in-between. 

Before starting, the goals, limitations, purposes and the problem definition was 

looked into and discussed. Inspiration was brought from an old model of the 

design, CAD visualizations and useful insights and experience from Autoliv.  

Several pages were filled with ideas, both in words and 2D sketches by hand; the 

brainstorming was very successful.  

The proposals below are for the spindle ring, the torque tube and spindle will be 

adjusted accordingly and the two torsion bars will not be adjusted, and are 

therefore not mentioned. In all the design proposals the pawls has been integrated 

in to the spindle ring.  

 

4.5 Evaluation of product proposals 
 

4.5.1 Primary evaluation 

During the brainstorming several ideas came up and got vented. Several proposals 

were removed immediately, but eleven of them were put on paper in form of 

simple sketches (appendix 7). Since Autoliv put up very narrow limitations for 

this project, there was not very much space to play around.  

The sketches drawn had pretty much the same outline and basic idea. The largest 

differences between the ideas were mostly regarding breaking point during torque 

load and the contact between the integrated pawl and the torque tube. It was 

decided to attack the contact problem later on, now focusing on the basic outline 

and how the spindle ring would handle the torque. The contact and friction 

between spindle ring and torque tube can be easily adjusted in Catia later on when 

the final solution has been decided. 

 

Proposal Description of the spindle ring 

1 The idea is to reduce the amount of material needed while maintaining 

the same functionality as before.  

2 This one is similar to proposal number one, but with further material 

removed.  

3 Number three is larger than number one and two and can probably 

withstand a higher torque.   

4 This one is considerably smaller than the previous ones and has a larger 

contact surface than number five.  

5 This one is somewhat smaller than number four and probably cannot 

handle the same torque load as number four.  
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6 Further developing number three by reducing the material and 

improving the contact surface.  

7 This one is very small and probably will not handle the torque at all. 

8 Number eight has a more complex form and better contact with the 

torque tube than number six, otherwise the same.  

9 This one is similar to number six and eight, but has a larger base that 

continues to the top resulting in greater strength.   

10 This is basically the same as number eight but with a suggestion where 

holes for riveting may be placed.   

11 Basically the same as number six or eight but with a curved edge where 

the pawls are integrated to further increase strength.  

 

4.5.2 Intermediate evaluation 

Three sketches were picked out and were roughly drawn up in Catia. The decision 

was based on previous engineering experiences and the fact that a variety between 

the proposals was desirable. The chosen ones were number two, four and six 

(appendix 7). 

 

The idea behind number two was to get a good tradeoff between minimizing the 

amount of material, and at the same time have enough material so the torque 

would not break the spindle ring. 

The idea behind number four was to minimize the amount of material and 

therefore reducing the weight of the ring. This would mean risking it breaking 

during torque load. 

The idea behind number six was to integrate the pawls more or less as they were. 

This will give it the same functionality as before and probably good enough 

resistances to the torque load. 

 

In Catia, the three were drawn up and assembled together with a modified spindle 

and torque tube to fit the new spindle ring. The torque tube and spindle were 

designed around the spindle ring to accompany its new design (appendix 12). 

During the modeling in Catia the sketches were changed somewhat but their basic 

ideas was kept intact. 

 

4.5.3 Concept evaluation matrix 

The concept evaluation matrix is based on Autolivs DGD (appendix 6). In the 

DGD there are five criteria which the product should reach. Without testing the 

spindle ring in Catia Finite Element Method (FEM) or without the tests Autoliv 

will issue, there cannot be any legitimate inferences drawn only engineering 

judgments. At some of the goals, even guesses cannot be done without further 

testing; these will not be taken into consideration in this matrix. 

 

This matrix will only be used as a pointer and some measurements may be 

irrelevant. In this Concept evaluation matrix focus has been put solely on the 

spindle ring (see chapter 4.4). 
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The importance of the criteria has been chosen considering the goals of the project 

(see chapter 2.6). “+”                                   “-”                          

proposals of as many as the importance          “Z”           z            The 

                                                                “+”       ”-” and 

one of      “Z”  If there is no difference between them all of them could get the 

same weight. 

The points in the weighted total will state the proposal with highest points. The 

concept with the highest score will be the final proposal in the Principal design.     

     

Criterion Importance Proposal 2 Proposal 4 Proposal 6 

Low weight 5 Z + - 

Fast mounting/dismantling 10 + - Z 

Simple design 5 Z + - 

Low manufacturing cost  10 + + + 

High torque strength 15 Z - + 

Total + 2 3 2 

Total - 0 2 2 

Overall total  2 1 0 

Weighted total  20 -5 15 

 

4.5.4 Final evaluation 

The three proposal assemblies, from the intermediate evaluation, were sent to 

Adrian Bud at Autoliv for an evaluation. After discussing the assemblies with 

Adrian Bud and creating a concept evaluation matrix a decision was made to 

focus on idea number two. The concept evaluation matrix supported this decision 

by giving the highest total score (see chapter 4.5.3), the best score in the important 

criterion of mounting and receiving no negative scores.  

Adrian Buds previous experience in the field dismissed proposal number four, 

because it would have been to weak. Proposal number six was dismissed because 

of its bulky design.  

 

4.5.5 Finite Element Method analysis 

A FEM analysis was done to the spindle ring to evaluate if the spindle ring could 

withstand the torque load of 100 Nm. The results are shown in appendix 8 and 

validate the concept in this stage. 

    

4.6 Presentation of product proposal  
The final product proposal is proposal number two (appendix 7), CAD 

visualization can be seen in appendix 12.  

The development of the final proposal was focused on the spindle ring. When the 

evaluation was done and the final proposal decided the torque tube and spindle 

was modified to fit the new spindle ring. The torque tube and spindle ring can 

only be modified in one way to fulfill the requirements and limitations. Material 

was removed on both of them to give the spindle ring the ability to be released 

axially.       
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In order for the spindle ring to be riveted to the spindle there would need to be a 

rivet pin on the spindle. Because material cannot be added to the spindle ring, the 

rivet pin has to be made separately and mounted in the spindle ring. The easiest 

solution was to thread a hole in the spindle and screw the pin in place. Not much 

time were put into this decision because the easiest solution fulfilled all needs. 

The rivets were made with 1mm of the rivet over the spindle ring so that the 

height of the rivet could be adjusted in the tests. It was important to be able to 

adjust the height of the rivets, because the height has influence on the pull out 

force. 

Furthermore the spindle needed a washer to keep the spindle ring at the correct 

height. Both the rivets and the washer will not be needed when the design goes in 

to production, they are only there to support this concept evaluation. 

The material is the same as in the previous design (see chapter 5.1). The total 

assembly is five parts and follows the limitations of which parts that are supposed 

to be removed, developed and remain the same.  

Pros and cons are shown in the concept evaluation matrix in chapter 4.5.3.   

 

4.7 Prototype 
Autolivs central workshop made the parts for the prototype, they were later on 

mounted by hand (appendix 9). Three spindle assemblies were mounted in to 

retractors for further testing and nine spindle assemblies were mounted for other 

tests. The spindle ring prototypes got bent during the hardening, due to a tight 

budget no new ones could be manufactured.   

 

4.7.1 Design Failure Modes and Effects Analysis 

A Design Failure Mode and Effects Analysis (DFMEA) were made on the spindle 

assembly. The analysis was made in regards to the DGD and Autolivs DFMEA 

standard was used (appendix 10). This is only a concept evaluation and a design 

verification needs to be done in a later stage of the development. 

 

A significant criterion (SC) is given to a severity from one to eight. Those are 

given to failures that will cause the product to malfunction, or does not meet all 

the requirements. If the product receives a nine or ten it will be given a critical 

criterion (CC). Those are given to failures that causes the product to malfunction 

and can cause severe injury. In this matrix there are no CCs since those are 

usually given to failures that regard material, and no material has been changed. 

In some cases a potential failure can be given a potential significant criterion 

(PSC). 

Any RPN in the DFMEA that exceeds 100 is a concern that needs immediate 

actions. 

When the recommended action has been performed the matrix will be updated 

with new values to support the action. The recommended actions are based on the 

current design controls detections and are in this case different types of tests. 
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5. Primary design 
In this chapter a thorough presentation of all the different components in the 

current design will be presented. What parts to be removed, connections between 

them and marking of the product will also be discussed. 

 

5.1 Product draft 
As mentioned in chapter 2.4 the LLA consists of nine parts (appendix 11). Below 

the different parts will be listed and further explained. 

The goal for this project is to evaluate a concept from Autoliv. In this concept 

there are limitations of which components that can be switched, redone and used. 

When testing the LLA in the end of the project, the torque tube and spindle will 

be already existing parts. The modification of the parts will be done with a mill, 

so there is no possibility for adding material only removing.  

All the modified parts in the LLA must be in the same material as the previous 

parts were.  

 

5.1.1 Stop Washer (to be removed) 

The stop washer is made from a steel alloy (C67s). Its main purpose is to keep the 

end piece in place.  

 

5.1.2 End piece (to be removed) 

The end piece is made from a copolymer plastic (Hostaform S9364). Its purpose is 

to keep the spindle ring at the correct height, it also provides guide pins for the 

pawls. 

 

5.1.3. Pawl (to be removed) 

The pawls are made from the same steel as the spindle ring. The purpose of the 

pawls is to connect the torque tube with the spindle. 

 

5.1.4. Spindle ring  

The spindle ring is made from a steel alloy (C60) with higher carbon content. Its 

purpose is to keep the pawls in place so the torque tube can connect with the 

spindle. 

 

5.1.5 Spindle  

The spindle is made from an aluminum alloy (AlSi9Cu3). Its purpose is to house 

the torque tube and torsion bars, but also to wind up the belt.  

 

5.1.6 Torque tube 

The torque tube is made from a zinc based metal alloy (Zamak 5). Its purpose is to 

guide the load to the high torsion bar. 

 

5.1.7 Torsion bar 

The torsion bars are made from an aluminum killed steel (Qst 32-3). Its main 

purpose is to handle the torque from the seatbelt in a collision. 
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5.1.8 Connections between components  

How each component is connected to the other can be seen in appendix 11, which 

shows the assembly before removing parts.  

 

5.1.9 Unnecessary parts  

The concept states that the parts to remove are the stop washer, end piece and the 

pawls. This reduces the number of parts from nine to five. 

The idea is that the pawls can be integrated in the spindle ring rendering the end 

piece and stop washer unnecessary.   

 
5.2 Cost estimation  
See chapter 4.1.5 for an estimation of the cost and other economy aspects.   

 
5.3 Marking 
There are many safety regulations in this kind of automotive safety details, which 

are enforced by law. The two most important regulatory requirements on the 

seatbelt are ECE R16 and FMVSS 209. These two are applied in both Europe and 

the US. The requirements concern safety matters in the automotive. This includes 

that the webbing should not snap, the safety belt retractor should not break, things 

should not hit the steering wheel etc.  

The IMDS database regulates which materials are allowed and which ones that 

cannot be used. In this verification there have been no change in materials, so all 

the materials used are already approved by the automotive industry and checked.         

 

6. Testing 
In this chapter a description of each test on the prototype made at Autoliv are 

presented.  

 

6.1 Spindle ring riveting force  

To be able to execute further testing the riveting force had to be determined. This 

was done by constructing a test rig. The test rig is very basic and consists of a 

bottom plate, a cylinder with two holes in it mounted to the plate. With this rig, 

rivets could be mounted in the two holes and screwed in place. On top of the 

cylinder the spindle ring was riveted in place. In the table the length of rivet one 

and rivet two before and after riveting are stated. Earlier consultations with 

Adrian Bud put the desired pull out force between 150-400 N, aiming for 250 N. 

The spindle ring was riveted using different forces and rivet lengths.  

 
6.2 Dynamic Load Limiting switch: Pendulum test 
The dynamic LL switch is executed by dropping a 120 kg pendulum from 1,5 

meters. The pendulum is attached to the seatbelt retractor and when it is dropped 

it simulates the retractors behavior in a crash situation. The test is done to 

determine whether or not the LLA switches to its low load torsion bar in the right 

time. Four test were executed, three with a 10mm high torsion bar that can handle 

73 Nm and one with a 9 mm high torsion bar that can handle 52,5 Nm.  
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6.3 Static Load Limiting shift  
In the static LL shift test a spindle assembly (spindle, torque tube and a riveted 

spindle ring) was clamped in a vise. Then a torque wrench with an adapter is used 

to turn the torque tube until something breaks. Two tests were executed, in the 

second one a clamp was used to push the torque wrench and spindle assembly 

together. 

 
6.4 Static break load 
In the static break load test the spindle is mounted in a fixture and webbing is 

threaded through it, the webbing is then held in place by a webbing pin. A force is 

then applied to the webbing which puts a load on the spindle. Three spindles were 

tested, because there was a lack of spindles, to see at which point the spindle 

breaks.  

 

7. Test results and analysis 
Results from the test made on the prototype at Autoliv are presented as well as 

analysis of the results. In appendix 13 to 16, pictures and charts of the tests and its 

results can be found. 

 

7.1 Spindle ring riveting force 
From the results (appendix 13) gathered in the test conclusions concerning 

riveting force and the lengths of the rivets could be drawn. From the table in 

appendix 13 there is a clear pattern between pull out force, riveting force and the 

lengths of the rivets at 500 N. With a riveting force of 500 N and rivet lengths 

between 2,4 mm to 3 mm the pull out force was in the interval or very close. With 

gathered expertise the last three riveting tests led to the conclusion that the 

riveting force should be 500 N with an average riveting length of 2,75 mm ± 0,05 

mm.  

 

7.2.1 Dynamic Load Limiting switch: 
Pendulum test with 10 mm high torsion bar 
The first pendulum test was conducted with the rivets being somewhat loose due 

to a mounting problem. This was resolved in second and third test with the help of 

a washer. The first test showed that the LLA shift was due to mechanical switch at 

25 ms (appendix 14, figure 1). This is most likely related to the riveting being 

loose due to mounting problems mentioned earlier. 

The second test switched to late, at ~53 ms instead of 40 ms as desired (appendix 

14, figure 2). This is probably because of the spindle ring not being plane but a bit 

wobbly. The spindle rings got bent due to an error that occurred during the 

hardening of the spindle rings. In turn this causes the riveting to be somewhat 

unpredictable and the rivets had to be riveted separately. It also showed that the 

spindle ring climbed up on to the torque tube. This indicates that the torque tube 

might not be able to handle the load from the spindle ring. The deformed torque 

tube also might be a reason for the late switching. If the spindle ring dug in to the 

torque tube it might have been more difficult for it to release than what was 

calculated.  
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The third test graph looks excellent, except for the shift occurring at 34 ms instead 

of the desired 40 ms which further validates the analysis of test number two 

(appendix 14, figure 3). 

 

7.2.2 Dynamic Load Limiting switch: 
Pendulum test with 9 mm high torsion bar 
Another pendulum test was performed to see if the problem with the torque tube 

getting deformed during the switch would change with a 9 mm torsion bar. 

Unfortunately, due to bad machining of the spindle there was no switching 

occurring at all. The spindle ring got stuck at an edge of the spindle and therefore 

the switch could not occur. 

 

7.3 Static Load Limiting switch  

The results from the static LL switch was conclusive with the results from the 

pendulum test, such that the spindle ring started to climb on to the torque tube 

during load (appendix 15). The first one broke at 66,2 Nm and the second one 

broke at 66,6 Nm. This means that the torque tube cannot take the load of the 

10mm torsion bar, but it might be able to handle the load from the 9 mm torsion 

bar. Further testing with another full assembly in the pendulum test would prove 

this, see chapter 7.2.2.  

 

7.4 Static break load 
The results from the three static break load tests showed fine results (appendix 

16). All three of the spindles tested passed the goal in the DGD of 15 kN. The 

breakpoint for the three was 17 kN (appendix 16, figure 1), 17 kN (appendix 16, 

figure 2) and 18,2 kN (appendix 16, figure 3).  

The static break load test showed that the spindle would be able to handle over 15 

kN before it reached its breaking point. These results support the concept. Even 

though the tests measured up to the DGD, three spindles are not enough for a 

reliable result. If it is decided to continue this project more tests are needed to 

further verify this. 

 

8. Conclusions and recommendations 
This chapter includes conclusions of the whole thesis and a proper validation of 

the concept. Recommendations for further development and the future are 

included, and finally a discussion of possible sources of errors in the validation.    

 
8.1 Conclusions 
The goal for this project was to evaluate a concept which was invented by 

Autoliv. The concept is to reduce the numbers of details in the LLA, from nine to 

five. This report has been the base in our concept evaluation, and all of its steps 

are included. Through principal and primary design we have gathered a solid 

foundation to be able to perform tests on a final prototype. The results of these 

tests are what we base our evaluation on. 
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We had three goals with this project; visualize three concepts for Autoliv to 

choose from, create a concept evaluation matrix and finally to verify our final 

design against the DGD. This has been done in a systematic manner as thoroughly 

as time allowed us. Three designs were developed where the desired parts has 

been removed to simplify the existing design, these designs were then presented 

to Autoliv. The designs were then evaluated in a matrix and one of them was 

chosen for prototype building and testing. 

 

Finally we compared our results with the DGD matrix. Test with aging 

components was removed in consultation with Autoliv and focus was put on the 

other tests. This was because some of the tests with new components did not turn 

out as we predicted, hence the third point in the DGD cannot be evaluated. 

The first goal in the DGD was the Static LLA Behavior. The test showed that our 

design managed 66 Nm instead of the desired 100 Nm in the DGD. 

The second goal in the DGD was verified with a pendulum test. Unfortunately the 

test showed that the design had a mechanical switch due to difficulties with the 

riveting. 

The fourth goal in the DGD was verified with a static break load. The DGD stated 

that the spindle should withstand a load of at least 15 kN. All three of the tests 

showed a value higher than that. 

The final goal of the DGD was regarding the riveting force. This was verified 

during a couple of tests to determine the correct riveting force of the spindle ring. 

 

Our conclusion is somewhat ambiguous. Some tests show that it is a valid concept 

while others do not. This leads us to the conclusion that the concept might be 

valid but it needs further testing on more prototypes to get a conclusive answer. 

 
8.2 Future and recommendations 
The future of this project has a couple of more tests that needs to be done to 

further establish whether it is viable or not. The failed 9mm torsion bar test would 

be a good place to start.  

 

Also a change of material in the torque tube to steel has been discussed but that 

would diminish if not completely destroy the economic gain of a new design. 

Hence it is not recommended to look further into changing the material but to 

focus on the issue with the switching and why it behaves the way it does. 

 

As mentioned earlier in chapter seven, the fact that the torque tube seems to be 

climbing in the spindle during load is a big issue. Unfortunately there was no time 

to further look into this. It would be wise to further explore this, maybe design 

some kind of distance to stop the torque tube from climbing. Further testing of 

this would show if it is in fact the torque tube that is climbing inside the spindle or 

if it is the spindle ring that climbs up on the torque tube during switch with load. 

 

There are two issues in the DFMEA (appendix 10) which are not addressed yet. 

The second to last of them needs a design change in the spindle and that is not 
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possible at this time in the process. The last item in the DFMEA requires another 

test to be performed to make sure that the spindle ring does not interfere when the 

switch to the low torsion bar is made.  

 

There are huge socially benefits with this project. If this concept would be verified 

in the future, it may be both economic, social, work environment and 

environmental benefits.  

We have already mentioned the benefits for Autoliv with a reduction of the 

number of parts (see chapter 4.1.5 Economy).  

With a new design on the LLA, similar to our proposal, the mounting would be 

easier and faster. This could lead to better conditions for the workers when their 

job could be less stressful and less tiring for the body.  

A reduction of the number of parts could result in a lighter and/or smaller product, 

which would have lower negative impact of the environment. There would be 

fewer transports and/or less heavy transports. Fewer parts to produce, obviously, 

would also lead to less energy in manufacture of the LLA.  

When the mounting cost for the LLA are reduced this would allow more car 

companies to introduce this technology in their cars. A larger share of the market 

cars would use this technology and more passengers and drivers would have the 

possibilities to use this product. As mention before the LLA reduce the injuries in 

a collision. With a larger percentage of people using this product, there would be 

fewer injuries associated with automotives. This obviously has a major positive 

impact on society. 

 

8.3 Possible errors 
There are several possible errors in this evaluation. The first one that might have 

caused errors is the concept evaluation matrix. The lack of previous experience in 

this particular field might have got the wrong concept chosen. The fact that a very 

small base of articles to read up on was found and Autoliv being in the front of 

this kind of technology, made it hard to get a deeper knowledge of the problems 

ahead. It was also hard to critically analyze different sources of information in this 

subject, when there were very few. We have been forced to trust in Autolivs 

expertise which of course may have put a biased view in this report. 

 

Since there was a limited amount of time, the use of a very simplified version of 

Autolivs DFMEA might have contributed to a focus on wrong possible errors. We 

also lack experience in the automotive safety industry, which may have led us to 

overlook certain errors or wrongly evaluated them. 

 

A really big issue is the fact that the spindle rings got bent during the hardening. 

This really affected the testing in all areas. Since the spindle rings was not all flat 

there was a big issue with the riveting of them to the spindle. The desired riveting 

lengths and forces did not work that well. There was a difference of up to a 

millimeter between the two sides of the spindle ring in some cases. This forced 

the riveting to be done on each individual rivet instead of applying one force to 

both rivets as tested before. 
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This leads to another possible source of error, the riveting itself. Since it was done 

by hand it was hard to get the exact right riveting force. 

The riveting problems might have caused the mechanical switch during the 

pendulum test and might also have caused the late switch.  

 

Another error that was discussed was the possibility of a sliding torque tube 

during load. Since nothing really kept the torque tube from sliding down in the 

spindle when assembled, it might have caused the spindle ring to climb on to it 

during load. 

 

9. Critical review 
The basis for this report has been Fredy Olssons methods which we are 

accustomed with since earlier in our education at Halmstad University. It suited 

our needs well and in the few parts were it did not Adrian Bud filled in the gaps.  

Furthermore we did notice that Fredys method did not cover the ideation deep 

enough and we had to deviate from that and use Landqvists method for 

brainstorming instead. 

Another problem that occurred along the road was the fact that we were not 

familiar with the processes at Autoliv. One thing we completely misunderstood 

was the fact that we were supposed to place the orders for building the parts for 

the prototype.  

 

 

Overall we think everything has been going very well and we are satisfied with 

the results. The few problems that did occur were swallowed by the time we had 

in between tests, no deviation from the Gantt chart. Adrian Bud and his team have 

been very helpful with the questions we had and in aiding us along the way. 
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11.1 Appendix 1. Gantt chart 
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11.2 Appendix 2. Project description 

Projektbeskrivning examensarbete MASKIN 
 

Studenter:  

Simon Pettersson, 860421 5650, SimnPettersson@gmail.com, 0703-59 65 29 

Miranda Andersson, 891115 4923, Miranda.Andersson@hotmail.com, 0761-48 

46  

Titel på examensarbete: 

VEVA Multifunctional Spindelring For Load Limiting Switch 

 

Uppdragsgivarens namn: 

Autoliv Sverige AB 

 

Handledares namn på företaget: 

Adrian Bud 

 

Syfte med projektet: 

Förenkling av befintlig konstruktion genom att reducera antalet komponenter och 

förbättra tekniska lösningen LLA. Antalet detaljer skall reduceras från åtta till 

fyra. I och med detta reduceras detaljkostnaden och monteringskostnaden. 

Utvärdera ett befintligt koncept för LLA med en konceptutvärderingsmatris, 

med 3 CAD visualiseringar av designen 

Inga krav på slutgiltig fungerande design  

Metoder för testning finns tillgängliga hos Autoliv, inga nya metoder 

behöver utvecklas 

Vid toleransberäkningar i CatiaV5, dessa behövs enbart genomföras i  snittet 

Redan tillgängliga delar ska användas vid prototypbygge (torque tube och 

Spindle) 

Alla modifierande delar ska vara i samma material som de är i idag 

 
 

Förmodad metod:  
Fredy Olssons metod, principkonstruktion, primärkonstruktion och 

tillverkningskonstruktion. 

 

 

 

 

 

 

 

 

 

 

mailto:SimnPettersson@mail.com
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Kort summering av relevant litteratur: 

Då teknologin i exjobbet är långt i framkant finns ingen litteratur som direkt 

behandlar ämnet.  

De artiklar som kommer att bearbetas är: 

 

”                I                      control seatbelt retractor based on 

                                   ” 

”L                                  seatbelt                  ” 

”D     -specific approach to design for assembly for complex mechanical 
          ” 

”                     I      I    ies: Evaluation of Seatbelt Restraint System, 

O        K              I      P         ” 

 

 

Tillgänglig data: 

CAD ritningar på nuvarande spindelring, spindel, torque tube, pavlar 

 

Nödvändiga faciliteter:  

Catia V5 

Office paketet 

Behov av kontorsarbetsplats 

Tillgång till Autolivs verksamhetssystem 

Provning utförs av Autolivs personal 

Prototyptillverkning utförs av Autolivs Centralverkstad 

 

Ganttschema:  

 

 

OBS! Examinator godkänner projektbeskrivning i samråd med Handledare. 

Handledare skall signera projektbeskrivningen. 

 

Startdatum: 

(YYYYMMDD)___________________ (Sign. HH Handl.):________________ 

  



11. Appendix 

  

XXVII 

 

 

11.3 Appendix 3. Switch function 
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11.4 Appendix 4. Load limit system 
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11.5 Appendix 5. Original design 
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11.6 Appendix 6. Design Goal Document 
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11.7 Appendix 7. Sketches
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11.8 Appendix 8. Finite Element Method 
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11.9 Appendix 9. Prototype 
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11.10 Appendix 10. Design Failure Mode and Effects Analysis 
 

 

  



11. Appendix 

  

XXXVI 

 

 

11.11 Appendix 11. Spindle assembly 
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11.12 Appendix 12. Final design 
 

 

  



11. Appendix 

  

XXXVIII 

 

 

11.13 Appendix 13. Spindle ring riveting force 
 

 

Test # Riveting 

force 

(N) 

Height 

before, 1 

(mm) 

Height 

before, 2 

(mm) 

Height 

after, 1 

(mm) 

Height 

after, 2 

(mm) 

Pullout 

force 

(N) 

Comment 

1 1000 2,83 2,73 2,21 2,06 711  

2 680 2,82 2,71 2,29 2,25 824  

3 600 2,72 2,80 2,28 2,24 264/453 First dip/completely off. 

Due to wobbly spindle ring. 

4 600 2,84 2,91 2,26 2,56 834  

5 450 2,71 2,81 2,63 2,69 51 Ring loose due to not being 

plane enough. 

6 500 3,00 2,92 2,79 2,71 374  

7 500 2,41 2,41 2,20 2,20 125  

8 500 2,59 2,64 2,36 2,40 176  

 

 

 
  



11. Appendix 

  

XXXIX 

 

 

11.14 Appendix 14. Dynamic LL switch: Pendulum test 

 

Figure 1. Pendulum test 1, shift event 

 

Figure 2. Pendulum test 2, shift event 
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Figure 3. Pendulum test 3, shift event   
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11.15 Appendix 15. Static LL shift 
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11.16 Appendix 16. Static break load  

Figure 1. Static break load test 1 

Figure 2. Static break load test 2 
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Figure 3. Static break load test 3 
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