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Design of a Solution for Blind Assembly of Bolts
Assembly of Low-visibility Bumper Bolts with a Focus on Ergonomics and Safety
RANJAN MANOHAR & SIMON TUVESTAD
Department of Product Development
Chalmers University of Technology

Abstract
This project focuses on the assembly of low-visibility bumper bolts under the truck
model known as the Volvo FML- a process currently not possible on the assembly
line due to challenging posture and safety hazards. The project seeks to solve these
challenges, and ultimately allow Volvo Trucks in Tuve to shift this assembly from
an after-line area where it is done presently, to the main line.

A linear product development methodology has been used with iterative test-design-
build cycles inspired by lean principles. This was chosen over a more flexible, agile
methodology to make it easier to coordinate activities with Volvo. A thorough
pre-study was conducted to lay the theoretical groundwork for the project, which
included both researching existing solutions to similar problems, and a detailed
study of the current state. The current state analysis was then used to add detail to
the problem statement. Key stakeholders were identified and continually contacted
throughout the project to ensure the fulfilment of their interests in the project’s
outcome. Concept generation was conducted, which yielded 14 unique concepts in
different phases of the project, while keeping the solution space as open as possible.
Importance was placed on thoroughly documenting concept generation for Volvo’s
future reference. Selection and elimination matrices were used to refine or identify
the best performing concepts in the initial stages, which yielded 3 concepts to pro-
totype. The 3 prototypes were developed, and further elimination to obtain the
winning concept was conducted at the last possible stage, only when feasibility or
suitability was deemed impossible.

User testing and verification was conducted, which revealed the winning concept
and resulted in 4 design changes to it. Well-researched ergonomics and safety test-
ing methodologies were employed to verify suitability of the suggested solution. The
final solution was tested on the moving assembly line, on the Volvo FML. One crucial
trade-off was made, in the interest of ease of maintenance. Other suitable solutions
have been suggested, with clear reasoning behind why they were not developed. The
final solution solves the problem that has been proposed by Volvo.

Keywords: Ergonomics, Safety, Blind assembly, Under-up screws, Product Develop-
ment, Assembly line
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1
Introduction

Volvo Trucks in Tuve produces a wide range of trucks to suit many market segments
and customer needs. Their line of electric trucks includes the Volvo FML (Front
Medium Low Entry) whose novelty poses some challenges on the assembly line.

1.1 Background
The Volvo FML is equipped with a low cabin to improve accessibility to the driver
for applications that require frequent ingress and egress. Moving the cab lower re-
sulted in a design change. This has come with the trade-off of having to assemble
some of the mounting bolts of the front bumper from underneath the truck. A pic-
ture of the bolts’ placement has been presented in figure 1.1.

Figure 1.1: Bolts of interest under the Volvo FML’s bumper

Presently, the truck is taken to the "adjustment department" at the end of the main
assembly line with the bumper semi-assembled. This area is intended to repair trucks
that have encountered problems on the main line. It is then raised on a jack and

1



1. Introduction

assembly is performed with the help of a battery-powered wrench. The present so-
lution and the tool used have been presented in figure 1.2 and figure 1.3 respectively.

Figure 1.2: The Volvo FML raised
with the help of a jack

Figure 1.3: Battery-powered torque
wrench presently used for fastening

Fig. 1.4 shows how an operator on the production line would assemble the bolts
today if it were carried out on the line. However, this is not in compliance with
Volvo’s internal requirements for workplace ergonomics and safety. The operator is
forced to assume an uncomfortable posture and position themselves on the moving
assembly line, wherein the truck being assembled moves towards them. [1]

This process of moving the truck to the adjustment area also wastes time and poses
other safety risks, that could be avoided by performing the assembly in the intended
area. It adds critical assembly work to the operators of an area who are meant
for solving production errors, while potentially wasting the time of operators or
stations that are intended to perform the assembly. For Volvo Trucks, this poses a
risk of injury to its operators which could result in delays or interruptions. No prior
work has been carried out to resolve this problem to the best of the project team’s
knowledge.

1.2 Aim
The aim of this project is to design a solution for the complete assembly of the
bumper on the production line while complying with ergonomics and safety guide-
lines. The project aims to systematically explore the whole solution space before

2



1. Introduction

Figure 1.4: Posture required for assembly of the bumper on the current assembly
line, if no equipment were used

suggesting the final proposal.

The Technology Readiness Level rating system from NASA can be considered and
adapted to set a goal for how ready the tool must be at the end of the project.
[2] TRL 7 will be targeted, which in the context of this project will mean a fully-
functional prototype that is briefly tested in the assembly environment. Higher levels
require extensive testing and validation. The Gantt chart in Section 1.5 suggests
that there might not be enough time to do a satisfactory amount of validation for
higher TRL levels.

1.3 Limitations
These limitations address which parts of the problem the project will not be ad-
dressing. It is to set a scope and define the focus of the project.

1. While the proposed solution will be as general as possible so as to boost
compatibility across trucks, it will not specifically address any truck other
than the current model of the FML.

2. The focus of the project will remain the screws under the bumper of the FML
and will not address any other fasteners that may have a similar visibility
problem.

3. The future solution will be open to using the current fixtures and tooling on

3



1. Introduction

the assembly line at the Tuve factory. Therefore, it may be limited to this
manufacturing facility only.

1.4 Research questions
A set of research questions have been set after some assembly line observations and
a brief pre-study.

1. What requirements are placed on the solution for it to be useful in the assembly
environment?

2. How can good ergonomics be ensured for the intended purpose?
3. What changes are required to the system/process, and by which stakeholders,

to ensure usefulness and usage of the tool?
4. Who is affected by this project? How does it add value to these individuals?

1.5 Schedule
A Gantt chart was used to allocate time to different parts of the project as shown
in fig. 1.5. It was updated continually according to the state of the project and any
changing requirements. As each phase of the project drew closer, more detail was
added to the chart to ensure fulfilment of deadlines. A list of key dates were outlined
to ensure keeping up deadlines. These dates have been highlighted below in table 1.1.

Figure 1.5: Gantt chart for time allocation of the project
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Event Date
Submission of planning report-Work card 2025-02-14
Test rig completion 2025-02-21
Poster Presentation at Volvo 2025-05-14
Sharing of final report with opponent 2025-05-23
Presentation 1-Work Card 2025-06-03
Presentation 2-Work Card 2025-06-03
Presentation Opponent-Work Card 2025-06-04
Final Presentation-Chalmers 2025-06-03
Final Presentation-Volvo 2025-06-13

Table 1.1: Key dates during the thesis
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2
Methodology

The project followed the structure as outlined in fig. 2.1. The project consisted
of 4 major phases- Pre-study, Concept stage, Prototyping, and Testing, which were
further divided into the key methods as described in the following sections.

Figure 2.1: The project structure. A combination of the general concept develop-
ment structure and the spiral product development process as proposed by Ulrich

et. al. [3]

2.1 Pre-study
The pre-study was designed to address the following questions:

1. How can the different phases of the project be organised into the available
time?

2. How can the problem be defined?
3. What are some of the limitations or the aspects of the projects the team will

not be addressing?
4. What are some constraints that limit the scope of the project?
5. How can the project team explore the entire solution space?

2.1.1 Current state
During the Current state analysis, the assembly process was analysed with regard to
ergonomics, safety, cost, time and other aspects. A thorough analysis was conducted
for ergonomics and safety as these were the focus areas of the project. Photos and
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videos were used to conduct the analysis by applying the evaluation process de-
scribed below. An understanding of the root cause of the problem was also gained.
This was done to not only catch any oversights, but to also make it easier to contact
relevant stakeholders later in the project.

Since ergonomics play a key part in this project, several methods from Production
Ergonomics were considered [4]. Rapid Entire Body Assessment (REBA) analysis
was chosen as it encompasses the full body and is not limited to the upper body
like RULA (Rapid Upper Limb Assessment) or HARM (Hand Arm Risk-assessment
Method). It analyses posture, which is important as there is expected to be little
lifting in the prescribed task [5].

Key Indicator Method: Awkward Body Postures (KIM: ABP) was also considered as
a complement to the REBA analysis [6]. However, new information was provided by
Volvo about their proprietary ergonomics checklist. The "Manufacturing Ergonomic
Checklist (MEC) worksheet", enclosed in Appendix C, was evaluated and found to
include all aspects necessary. It was also easier to apply, interpret, and aligned with
Volvo’s standards. The only aspect missing from MEC was an evaluation method
for the legs, since the worksheet only includes leg positions that are not permitted or
restricted. To compensate for this, and to analyse posture more thoroughly, REBA
analysis was also conducted.

Safety was also a key issue that was kept in focus during the project. For this pur-
pose, two tools were used.

1. Failure modes and effects analysis (FMEA), for which the template provided
by the Institute of Healthcare Improvement was used. [7]

2. Volvo’s internal risk assessment process.

The Volvo risk assessment worksheet was missing two criteria from this FMEA anal-
ysis template:

1. "Failure causes"- the reason why a failure might occur.
2. "Likelihood of Detection"- the probability of an event going unnoticed.

"Failure causes" was added to the worksheet to ensure the analysis of the possible
reasons why an unsafe event might occur. However, the "Likelihood of Detection"
was omitted, as the project involves fairly simple processes where risks going unno-
ticed is not a major concern.

2.1.2 Problem Decomposition
The problem decomposition intended to break down the problem into smaller pieces
so that each sub-problem could be approached independently before combining them
in as many ways as possible using the morphological matrix [3]. This was done by
means of a tree diagram [8]. This would also encourage the project team to think
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about as many solutions as possible.

2.1.3 Stakeholder analysis
A stakeholder has been defined as "A person, group or organization that has inter-
est or concern in a situation/organisation, etc." and "Someone who is involved in
and/or affected by the course of action" [9]. This can be interpreted as someone
who influences or is influenced by the project. Therefore, "Key stakeholder" can
be understood as a person or a group of persons who influences the project in a
significant way.

A method was required to identify these key stakeholders. This was important to
ensure the alignment of project goals with expectations. It also simplified communi-
cation during solution verification and testing, as these stakeholders were consulted
frequently. Two questions were framed to assist with the identification of key stake-
holders. Negative statements were used to make the evaluation process easier and
more clear-cut.

• If the project were to be unsuccessful, will the stakeholder be impacted in a
significant way?

• If the stakeholder were not to be involved, would the project be majorly dis-
advantaged?

The CHAI or Change Agent Infrastructure analysis was used to identify stakeholders
[10]. Each role’s description was understood by the project team after which possible
actors were recognised.

2.1.4 Interviews and Information search
Interviews were set up with as many stakeholders as possible, who were identified
through the stakeholder analysis. An information search was conducted which in-
cluded using common search engines like Google, together with patent landscaping.
This was done early in the project to understand if there was an existing solution
that could be referenced or modified. Quantitative data collection methods like sur-
veys were deemed unsuitable for this project. This was because the solution impacts
only a limited number of people which would limit interest in the project and result
in very few responses, providing very little usable data to draw any patterns from.

2.1.5 Initial Specifications
Using the data from interviews, a KJ analysis [11] was conducted to recognise cat-
egories of needs [8]. Then a needs list was formulated and importance was set for
each need. Using the needs and constraints set by key stakeholders, a set of target
specifications were formulated [3].
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2.2 Concept stage
The problem decomposition was useful for brainstorming within the project group
to find sub-solutions. Different sub-solutions were combined using a morphological
matrix to generate many concepts. The morphological matrices forced the project
team to generate creative solutions as all combinations were not simple. In order to
explore the solution space thoroughly, a second information search including patent
landscaping was conducted. This information was also added to the first informa-
tion search sheet. Meetings were set up with other thesis groups both within Volvo
Tuve and outside the organisation.

After the morphological matrix was formulated, the concepts were screened for fea-
sibility and relevance. An elimination matrix was used to remove infeasible solutions
in the concept elimination stage. Concept selection matrices were then constructed
to first evaluate the concepts against one another, and then to select the best per-
forming concept [3]. Fast or "quick and dirty" prototypes were made in parallel with
the concept selection process wherever necessary and possible.

2.3 Prototyping
This phase followed the "Test-Design-Build" approach from the MPP126 course [12].
This approach emphasises testing a potential solution to evaluate feasibility early
before putting in time to develop it further through detailed design. It is in contrast
to the "Design-Build-Test" approach. Quick and dirty prototypes were made to
assist with concept elimination and selection. Higher resolution prototypes were
made for user testing and evaluation with key stakeholders. Towards the end of the
project, high resolution prototypes were used in combination with selection matrices
to evaluate between the final concepts.

2.4 Testing
The testing of prototypes consisted of solution testing and user testing. The solu-
tion testing sub-phase evaluated whether the solution fulfilled the intended purpose.
This involved ergonomics and safety testing using the methodologies defined above,
and ensuring that the demands set by the target specifications were met. This phase
was conducted by the project team.

The user testing was conducted using the "Concept Testing" methodology defined
by Ulrich et al. [3]. It was modified to suit project needs and the following steps
were followed.

1. Purpose- defining the intent behind user testing, or defining research questions.
2. Survey population- means of sampling and selected users.
3. Survey format- how the interviews or surveys were conducted.
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4. Concept communication means- selected method to show the survey popula-
tion the solution under evaluation.

5. Measurement of user response- means of quantifying the response from the
user.

User testing ensured the alignment of the solution with the project goals. It gen-
erated direct feedback from users and helped build a backlog of remaining work to
bring the solution closer to deployment. The user tests consisted of a trial of the
solution, an interview section and semantic scales. After the users performed the
requested operation, they were asked to mark the semantic scales and the project
team then conducted the interview, whose format can be seen in Appendix E.2. The
semantic scales were designed to either understand the fulfilment of specifications
set in 4.4 or to fulfil the purpose set for the user tests. The interview section sought
to probe further into any extreme results and give an opportunity for the user to
suggest changes or improvements. The concept, prototyping, and testing phases
were iterative in nature and were often done in parallel.

2.4.1 Test bed
As the current state analysis highlighted, the Volvo FML’s production is limited to
2 trucks a day. Therefore, a decision was made to build a test bed that would be
representative of the conditions on the assembly line. The following goals were set
for the test bed:

1. The test bed should be representative of the main assembly line as much as
possible - it should simulate the height, parts of the truck, and any associated
spatial constraints.

2. The test bed should serve as a means to test prototypes and potentially assist
with user testing towards the end of the project.

3. The test bed should be easy to build and adjust so that any variations in
assembly conditions are easy to simulate.
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3
Current state

This chapter explores the processes and tooling that were used at the Volvo Tuve
facility to perform the intended assembly prior to the project. It also explores the
root cause of the issue, the ergonomics analysis of the present process, and a safety
assessment.

3.1 Assembly line design
The Tuve facility has been designed to have a main assembly line to which several
sub-assembly lines connect. The areas relevant to the project are as follows:

1. FUP (Front Underrun Protection) sub-assembly line- The sub-assembly
line that connects to the main line at station 29. This line is responsible for
the complete front of the truck such as the headlights and the bumper, but
does not include the cab.

2. Stations 29 through 43 or end-of-line- The stations after the FUP sub-
assembly line where a solution could potentially be implemented. Currently,
the placement and partial assembly of the bumper is being done in station 36.

3. Adjustment area or Part 11- The area after the moving assembly line ends,
where the assembly of the bottom bumper fasteners is currently taking place.

The assembly of the bumper must normally be done in the FUP sub-assembly area
for all trucks. However, this is not possible for the FML.

3.2 The problem
After observation and documentation of the process of the FML on the production
line, some additional limitations came to light for the project team. The FML is
the only model that requires 6 fasteners to mount the FUP sub-assembly onto the
chassis, with the other trucks requiring only 4. One major limitation is that it is not
possible to assemble the bumper in the FUP sub-assembly area since it will hinder
access to the additional two holes for the FUP bolts that are tightened at station
29, see fig. 3.1.

Since this assembly cannot be performed on the main line, Volvo Trucks has encoun-
tered instances where this process has been forgotten and the incomplete product
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Figure 3.1: Additional bolts of the FUP concealed by the bumper for the FML

has been shipped to the customer. This has resulted in claims from the customer
which have been expensive to address and rectify.

3.3 Root cause

After interviews with several stakeholders, the cause of the problem was identified.
Due to a miscommunication during production development, the problematic loca-
tion of the bumper screws was not identified by the production engineers and the
designers until the pilot production of the truck. By this stage, a redesign was
deemed too expensive and too time-consuming. A decision was made to retain the
design and address the problem during production. This decision was also supported
by the production volume of the FML, which was a maximum of 2 trucks a day.

3.4 Ergonomics assessment

The ergonomics assessment was conducted using MEC and REBA analyses as men-
tioned in Chapter 2. The assessment was conducted for the process presently used
in the adjustment area, and also if the process were to be hypothetically carried out
on the assembly line.
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Figure 3.2: The assumed posture for the current solution

3.4.1 Adjustment
Due to the rarity of the FML, the process of assembly could not be documented.
However, the process was simulated by the project team and an assessment was
conducted. The posture of note has been indicated in fig. 3.2. The REBA analysis
shown in Appendix C.1 reveals that the posture of the upper arm and the neck
could be improved, and reports a score of 4 out of 15. The MEC does not uncover
any issues, with a score of 13 out of 270 as shown in Appendix C.2.

The assembly process was performed by the project team on a truck that was not
raised with the help of a jack. From this, the time taken to do the fastening process
was noted, which was less than 10 seconds per fastener. Therefore, it was noted that
the entire assembly process which comprises 3 fasteners can be completed within a
minute, even accounting for changing postures and any minor operator errors.

The time noted above was important to assess the frequency section of the MEC.
From Appendix C.2, it is apparent that the lowest frequency on the MEC aligns
with this assembly operation across the checklist.

3.4.2 Main line
A video was taken during the assembly process and an ergonomics analysis was con-
ducted on what the project team deemed were problematic postures. The postures
were identified by noting extreme angles, loads far away from the body, and twisting
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of body parts. The postures have been highlighted in the fig. 3.3 and fig. 3.4. MEC
reported a score of 40 out of 270 as shown in Appendix C.3 and REBA a score of
11 out of 15 as shown in Appendix C.4. While the MEC score seemed favourable,
the REBA score of 11 out of 15 revealed that immediate action had to be taken if
this theoretical process on the line were actually conducted. A closer look at the
REBA analysis reveals that other than the wrist and lower arm, every other joint is
in a non-ideal position. This clearly shows the need for the development of a new
solution.

Figure 3.3: First problematic
posture assumed during assembly on

the line

Figure 3.4: Second problematic
posture assumed during assembly on

the line

3.4.3 Reflections
A meeting with the ergonomics expert at Volvo revealed that the positions assumed
on the line were highly problematic and were not permitted as they would expose the
operator to overload injuries. This meeting was a good verification method for the
project team as it ensured that the evaluation method was applied as intended. The
evaluation also exposed cases that the MEC does not screen well, which is postures
with large angles of bending and twisting but with low frequency. In summary, a
significant ergonomics benefit can be gained by introducing a new assembly process.

3.5 Risk assessment
A risk assessment was conducted for the assembly process in both the adjustment
area and if the process were hypothetically conducted on the line. Each identified
risk was given a score out of 25 obtained by multiplying the probability of occurrence
with the severity of risk as shown in Appendix B.1. The assessment was conducted
in collaboration with the safety officer of the assembly line with inputs from the
production engineer responsible for the pertinent section of the line.
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The assessment conducted for the current process in adjustment shown in Appendix
B.2 reveals two events that risk very serious injury, which are "Tow truck could drive
over operators" and "Truck is lowered with operators below". While these risks could
be somewhat mitigated by using safety measures such as a siren on the truck or a
safety check before lowering the hydraulic jack, they cannot be eliminated without a
process change. Eliminating these risks is important as the consequences are severe.

In the assessment for the theoretical assembly on the main line shown in Appendix
B.3, one possible event- "truck could knock down the operator"- could lead to very
serious injury. This is indicated by the high score of 12 out of 25. However, the
process itself is far from ideal as highlighted by the index scores. The process risks
injuries due to posture, assembly position in front of the truck, and obstructions in
the assembly area.

In both situations, possible events were identified which could lead to serious op-
erator injury. While some concerns could be addressed with other measures, the
more critical concerns could only be resolved by changing the process and moving it
to the main assembly line. For example, the tow truck that carries the truck from
the main line to adjustment when the truck is non-functional risks running over
operators. This can be avoided or eliminated only by avoiding bringing the truck to
adjustment. Similarly, a truck collapsing on the assembly line cannot be avoided.
However, operators working under the truck can be prevented by using appropriate
tools and equipment.

In conclusion, a significant reduction to risk can be achieved by introducing a new
assembly process.
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4
Pre-study

4.1 Problem decomposition
The project team verified four main tasks, which were Position the screw, Position
the tool, Fasten and Store. The main tasks are broken down into sub-groups or
sub-solutions, depending on the task. The task Position the screw is for example
broken down into sub-tasks of See the hole, Load screw and Align hole. Further,
the sub-task Load screw has the sub-solutions In the tool, In the bumper and In the
FUP. The complete problem decomposition can be found as a tree diagram in fig.
4.1.

Figure 4.1: Problem decomposition using tree diagram

4.2 Stakeholder analysis
The stakeholder analysis identified 16 different stakeholders using CHAI methodol-
ogy and comprised individuals or groups of individuals. Key stakeholders were then
identified using the stated methodology. This was done to keep the people most
influenced by the project in focus.
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4.2.1 CHAI

The CHAI or Change Agent Infrastructure analysis method was used to systemat-
ically identify different stakeholders of the project as shown in fig. 4.2 [10]. Some
changes were made to the analysis as the project progressed which have been docu-
mented as follows:

1. "Production engineer, end of line", although a production engineer, has been
highlighted as this role is fulfilled by this project’s supervisor at Volvo. He was
responsible for the creation of the project and the other production engineers
did not have a significant stake in the project which was recognised after
interviews.

2. "Aftermarket" or "maintenance engineers" was added as an actor after the
initial CHAI analysis and during the interview stage. This actor was recognised
from the interviews conducted.

3. "Logistics" was a stakeholder that was removed after interviews as the depart-
ment deals exclusively with the parts that are assembled onto the truck and
not with the tooling or equipment used on the assembly line.

In the event of a block, the solution will be partly or wholly changed, as most of
the recognised blocks stem from the suggested solution. A re-evaluation of all the
generated concepts will be conducted and a new method will be implemented if
time permits, with the new considerations in mind. "Chalmers" is the only blocker
that does not pertain directly to the suggested solution. In this case, the supervisor
Cecilia Berlin will be consulted to frame a plan of action.

4.2.2 Key stakeholders

The key stakeholders have been listed in table 4.1.
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Figure 4.2: CHAI method for stakeholder analysis [10]
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Stakeholder Justification

Project Team
Responsible for the conduction of the project, set the scope
for the project, and, to a limited extend, decide the sched-
ule.

Production engineer, end
of line

The proposed method will be implemented in his area of
responsibility. He is also directly responsible as the project
supervisor.

Ergonomics experts They must deem the solution uses acceptable ergonomics
for it to be used by Volvo Trucks.

Tooling and Equipment
Maintain the final drawings in the PDM system. Provide
resources through expertise and designs of equipment in
the factory.

Team leaders and assem-
bly workers The ultimate users of the solution.

Lean Lab Tuve (proto-
typing workshop)

Critical to most fast prototyping and testing conducted
during the project. The test bed’s complete construction
was done using Lean Lab equipment.

Chalmers / examiner Will ultimately approve the project and its outcomes.

Table 4.1: Key stakeholders with reasoning.

4.3 Mission statement
The mission statement can be found in table 4.2. Each section as suggested by
Ulrich et al. was considered, discussed amongst the project group or with relevant
stakeholders, and formalised into the table [3]. "Solution Description" was taken
mainly from the problem statement as proposed by Volvo Trucks for example, while
"Key stakeholders" was a result obtained from previous sections. Minor modifi-
cations were made to the format to suit this project’s needs better. The mission
statement did not include primary and secondary markets as this project aims to
make a solution that will remain within Volvo. Limitations were appended with
assumptions to clearly define the parts of the project that will consciously not be
addressed.

4.4 Interviews
From the stakeholder analysis, specifically the CHAI-analysis, the team recognised
key members to interview. The interviews acted as a deep dive into how the orga-
nization works and the responsibilities of each stakeholders. The most important
stakeholder the team identified for this project were the assembly workers. However,
interacting with them proved a challenge as they worked in shifts and had little time
to spare for interviews.

Another important stakeholder for this project was the production engineer respon-
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Solution description New solution to assemble bolts under the bumper of the
Volvo FML on the assembly line in the Tuve Plant

Benefit proposition

1. Faster customer delivery
2. Prevention of claim from customer due to missed as-

sembly step
3. Safer assembly process
4. More ergonomic assembly process

Key goals
1. Usage of the solution for the assembly of bolts on the

FML model in production
2. Complete solution by June 2025

Assumptions and limita-
tions

1. Focus placed on the FML specifically and not other
truck variants

2. Focus placed on the bolts under the bumper specifi-
cally

3. The solution will be designed for the Tuve factory
4. No budgetary constraints for a functioning solution
5. No design change to existing truck parts
6. Solution will not be fully-autonomous; it will require

an operator to intervene

Key stakeholders

1. Project team
2. Production engineer, end of line- project supervisor
3. Ergonomists
4. Tooling and equipment
5. Team leaders and line workers
6. Lean lab, Tuve
7. Chalmers

Table 4.2: Mission statement inspired by Ulrich et al. [3].
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sible for the current assembly procedure of the bumper bolts. They were also the
team’s supervisor at Volvo and the person who had identified the issue initially to
make this thesis possible. It was important to understand why this was an issue
and how they would prefer the problem to be solved. They would also be the first
step in identifying any obvious constraints.

4.4.1 KJ-analysis
Key statements from interviews which expressed needs were noted from the record-
ings by the project team. The statements were kept as close to how the interviewee
stated it as possible. These were then grouped into logical blocks as can be seen in
fig. 4.3 using an online tool "Mural" (mural.co). These blocks were then labelled.
The labelled blocks were condensed into a needs list.

Figure 4.3: KJ analysis conducted from statements from interviews [8] [11]

4.4.2 Customer Needs
From the interviews with relevant stakeholders and the KJ analysis, a customer
needs list was formulated. In the customer needs list, 12 different groups were
verified with the help of the KJ-analysis, as seen in 4.3. "Sub-needs" were recognised
in the need groups, to which ranks were assigned. The needs have a rating of (*) from
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1-3, where 3 is the most important. Latent needs were denoted by an exclamation
mark (!) [3].

1. The solution can be used with good ergonomics

a) The solution places weights close to the body ***
b) The solution avoids laying down or crawling ***
c) The solution avoids static postures *
d) The solution does not exert high forces on the operator *
e) The solution is not mentally taxing *
f) The solution is lightweight and comfortable to handle *

2. The solution is safe to use

a) The solution has safety measures to prevent improper use **
b) The solution complies with safety regulations ***
c) The solution ensures complete assembly of all parts ***

3. The solution is easy to learn and use.

a) The solution has few steps *
b) The solution introduces few new processes **
c) The solution uses standard tooling **

4. The solution is accessible.

a) The solution is ambidextrous !**
b) The solution can be used by individuals of all heights **

5. The solution is reliable.
6. The solution occupies minimum space **
7. The solution can be used on the assembly line

a) The solution can be used on the main assembly line ***
b) The solution is implemented as upstream on the assembly line as possible *

8. The solution is used when operator is static relative to the truck *
9. The solution uses factory colour coding standards **
10. The solution is fast **
11. The solution is adaptable to all under-up assemblies *
12. The solution allows for disassembly and service

a) The solution avoids glueing ***

13. The solution avoids using pneumatic power ***

Table 4.3: Customer needs list
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4.5 Initial Specifications
From the customer needs list the project team was able to make an initial target
specification [3] for the solution as shown in table 4.4. Each specification has been
linked to one or more needs from table 4.3. The requirement and desires (R/D) are
to determine whether the specification is a requirement for the solution or a desire
from the interviewed personnel at the Tuve factory. Weight (W) determines how
important the desires are and which ones should take a larger focus. The require-
ments are not given a weight as they are expected to be fulfilled. The weights are
determined on a rating scale from 1-5, where 5 is the most important. Marginal and
ideal values were then assigned with respect to the verification method. These were
target values for the team to quantify and verify specifications.

Further, some of the less obvious specifications will be explained in more detail be-
low.

1. Perceived weight - is the complete weight of the final solution and the weight
has been cross-referenced with Volvo’s ergonomics guidelines [1].

2. Reaction force - The ideal value here is 0 N and the marginal value has been
calculated by using the existing tool (24 Nm) at a distance of 0.3 m from
the body. This is the ideal allowed ergonomic distance to hold something
according to Volvo’s ergonomics guidelines [1].

3. Two of the demands refer to a semantic scale. The semantic scales in these
cases refer to a 1-5 scale where, for example, 1 is "Very mentally straining"
and 5 is "Not mentally staining" for Sl.no 4.

4. The safety aspects of the solution will be verified by conducting a risk assess-
ment. The Volvo internal risk assessment template will be used and enclosed
in appendix. The assessment highlights the risk using a simple green, yellow,
and red colouring system indicating low/no risk, medium risk, and high risk
respectively.

5. An ideal value of 30 s and marginal of 120 s have been set for the assembly time
values based on the time the truck spends at each station on the main line.
The ideal value was set based on the minimum amount of time every relevant
station had available and marginal according to the time most stations had
available.

6. An assembly step was defined as any new operation done by the operator to
perform or to aid in performing the fastening process.

7. A new tool was defined as any instrument or device that would perform the
assembly process directly or indirectly. Ideally, 0 new tools should be added
and the 90 degree torque wrench used in current practise must be maintained.

8. The height ranges have been selected from the anthropometric data provided
in Volvo’s ergonomics guidelines [1]. The ideal value encompasses 5th per-
centile Asian/Mexican women to 95th percentile European/American men.
The marginal value encompasses 5th percentile to 95th percentile European/Amer-
ican women.

9. The Tuve plant can produce a maximum of two Volvo FMLs per day. This
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means that the solution will have to be used a maximum of 6 times a day, as it
is 3 fastening operations twice a day. Accounting for about 25% human error,
a minimum of 8 operations will need to be performed per day. An ideal value
of 100 has been set as a largely optimistic case.

4.6 Information search
The information search for this project was done by exploring the internet, patents
and other sources for some inspiration of a possible solution.

By exploring websites with a large number of different products, the project team
was able to take valuable inspiration to be able to generate solutions of broader
variation. This was to make sure that the project team considered as solutions of
all kinds. A few examples of the sites used were Amazon (amazon.se) and Biltema
(biltema.se) for their wide variety of products. The product search can be found in
Appendix A.2.

For the patent search, Google Patents (patents.google.com) and Espacenet (world-
wide.espacenet.com) was used to make sure that the final solution does not infringe
on any active patents, and also to try and gain inspiration. Some examples of
search terms to locate specific patents used by the project team was, "Remote socket
wrench", "no-visibility tool", "blind assembly tool" and "socket wrench camera". The
patent search can be found in Appendix A.1.

The information search, both product and patent, was later expanded during the
concept phase, with the same system and document being used.
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5
Concept phase

This chapter will explore the different concept phases in this project. From gen-
erating ideas, eliminating infeasible concepts with screening processes, to finally
evaluating the remaining concepts.

5.1 Concept generation
This section will cover the project team’s concept generation results. It will cover
brainstorming, the morphological matrix, and finally the concepts generated.

5.1.1 Brainstorming/idea generation
The idea generation for this project started with the project team exploring possible
solutions on their own and then reuniting and discussing the ideas together. The
idea generation process was mostly done using internet searches, together with our
own knowledge of items and products that could be used as potential solutions. The
collection of inspiration ideas can be found in Appendix A.

One of the idea generation sessions for this project took place together with another
group at Volvo in Tuve. The idea behind this was to be able to get some input from
people who are not involved in the project and therefore might have different views
and solutions on how to solve the problem.

5.1.2 Morphological matrix
From the information gathered in the pre-study, the project team was able to con-
struct a morphological matrix using the software Morpheus [13]. In the morpho-
logical matrix, 7 sub-functions were used from the tree diagram: Seeing the holes.
Aligning the hole, Position the fastening device, Position the tool, Fastening, Storage
of tool and Verification/aids.

The sub-solutions were inspired by the brainstorming/idea generation. However,
some delimitations were added to the morphological matrix to minimize the number
of generated concepts and to eliminate solutions that have non-compatible solutions.
One example of incompatible sub-solutions is Position the tool: Roof rail and Stor-
age of tool: Shelf stored which can be seen in fig. 5.1. In total, the project team
recognised 16 incompatibilities.
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Figure 5.1: Example of an incompatible sub-solution, denoted by yellow crosses

The team also added some blockers for sub-solutions and sub-functions to reduce the
total number of solutions. In total 2 sub-function categories were blocked, Aligning
the hole and Verification/aids. The thought behind this was that the sub-solutions
in Verification/aids can be added to any solution as aids and does not depend on a
single generated solution. For Aligning the hole the project team decided to generate
separate dedicated concepts to solve the alignment issue.

The project team was able to narrow the morphological matrix down to 180 viable
solutions which were then used to aid concept generation.

5.1.3 Generated concepts
From the brainstorming/idea generation sessions and some help from the morpho-
logical matrix, the project team was able to generate 9 different concepts and 3
alignment concepts. These concepts will be explained in more detail in the follow-
ing section.

Concept 1 - Hanging by truck

As visualised in fig. 5.2, this solution hangs on the cab suspension cross-member
at the front of the truck. The idea is that the solution can be shifted from side to
side, with the suspension member as a guide, and the distance to the screws would
be in marked locations so that the tool operator can easily perform the tightening
sequence. The exact location of the screw and hole can be tracked on a screen that
is located on the side of the tool.

The cab suspension cross-member is a beam that runs across the front of the cab
connecting two coils that help the cab of the truck tilt forwards. This member is
cylindrical and is easily accessible to the operator during the assembly process in
the stations of interest on the line.
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Figure 5.2: Concept 1 - Hanging by truck

Concept 2 - Metal detector

The second concept was inspired by the way metal detectors are held. The arm is
supported either at the back of the upper arm or in the front, depending on the
weight distribution of the other components. Some of the other components can be
seen in fig. 5.3.

A clip-on handle could then make the tool ambidextrous based on the user. This
handle could house the grip and trigger to force the tool’s two handed usage, making
it safer.

Concept 3 - Lift solution

This solution involved mounting the existing 90 degree torque wrench being used
on the assembly line on a frame that can move on the ground and provide height
adjust. The area can be visualised by using a camera mounted to either the frame
or the tool itself. This is then complemented by a screen mounted to the handle.

A clip-on handle, like in the previous concept, could also be used here to the same
benefit.

The solution has been illustrated in fig. 5.4.
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Figure 5.3: Concept 2 - Metal detector

Figure 5.4: Concept 3 - Lift solution

Concept 4 - Tool+kneel

The main assembly line houses a chain drive that pulls the trucks under assembly
at a constant speed. "Dollys" or modular wheeled carts can be mounted and dis-
mounted at any time to this chain drive, which results in zero relative displacement
between the moving truck and the cart.

A new dolly with padding can be designed to let the operator kneel comfortably
and safely, as the risk of the truck moving over them is minimized. This can be
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combined with a simple mirror and an assist lamp to visualise the underside of the
truck and help assembly. The standard 90 degree torque wrench can then be used
safely. The solution has been illustrated in fig. 5.5.

Figure 5.5: Concept 4 - Tool+kneel

Concept 5 - Plastic clips

The M8 screws presently used to fasten the bumper could be eliminated and replaced
with a snap-fit plastic clip. This would also enable a tool-less assembly process.

The clips could be circumferential or use a carabiner-style C-shape as seen in fig. 5.6.

Concept 6 - Magneto

Expanding on the tool-less assembly options, strong magnets could be used to as-
semble the bumper as shown in fig. 5.7. This concept was generated as a relatively
low torque of 10 Nm is applied to the screws.
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Figure 5.6: Concept 5 - Plastic clips

Figure 5.7: Concept 6 - Magneto

Concept 7 - Bolt++Sticker

This solution involves replacing the standard M8 bolts with a specialised threaded
rod. This rod will initially be fastened to the aluminium member using a screw-
driver, after which a bolt head with internal threads will be fastened as seen in fig.
5.8. The bumper will be placed before the bolt head is assembled. As the threaded
members act as dowel pins, the operator will not have to use awkward positions to
locate the fasteners.

Standard stud bolts could also be used which lack a hex key slot to fasten. However,
being standard fasteners, the defined fastening method could then be used.
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Figure 5.8: Concept 7 - Bolt++Sticker

Concept 8 - The Periscope

A periscope-like optical device could complement the standard torque wrench tool
as seen in fig.5.9. The operator will use a wheeled stool to be in an ergonomically
acceptable posture during assembly.

Figure 5.9: Concept 8 - The Periscope

Concept 9 - The reflecting stool

The wheeled stool being used on the main line will be fitted with a large mirror and
an assist lamp to help the operator see under the truck. The assembly procedure will
be carried out using the standard torque wrench. This solution has been illustrated
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in fig. 5.10.

Figure 5.10: Concept 9 - The reflecting stool

5.1.4 Alignment concepts

The project team also generated 3 stand-alone alignment solution concepts for deal-
ing with potential hole offsets between the FUP member and the bumper. Since the
hole present on the bumper and the threaded hole in aluminium FUP must align
for a fastener to go through, these alignment concepts were required for some but
not all of the solutions presented above. A picture of this issue has been shown in
fig. 5.11. This issue was identified through assembly observation.

Alignment 1 - The Handbrake

The first alignment solution is similar to a handbrake, hence the name. The solution
is attached to the cab suspension cross-member with a handle at the top and a rubber
boot at the bottom. The bar is spring-loaded with a ratchet mechanism to keep it
in place when pulling the handle, so that the operator can let i go and it will still
be able to keeps its position. An illustration of the concept can be seen in fig. 5.12

Alignment 2 - The Pendulum

The second alignment solution is also attached to the cab suspension cross-member,
but this solution only relies on gravity. One of the sides is attached to the truck, see
fig 5.13, while the opposite end has a weight that pulls a rubber boot against the
bumper. The position of the weight can be adjusted to help distribute the alignment
position.
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Figure 5.11: The offset between the plastic bumper in black and the aluminium
FUP in silver. Note that the threaded hole cannot be fully seen through the

bumper’s hole

Figure 5.12: Alignment 1 - The
Handbrake

Figure 5.13: Alignment 2 - The Pen-
dulum
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Alignment 3 - The Knee/Hand

The last alignment solution is by using either the operators hand or knee to press
against the bumper, while simultaneously performing the tightening operation.

5.1.5 Revised concepts

After concept screening was conducted, two new concepts were introduced while
keeping the limitations of the eliminated concepts in mind.

Revised concept 1 - Camera Align

The first of the two newly generated concepts is closely related to Hanging by
truck and as visualised in fig. 5.14 it is also attached to the cab suspension cross-
member. However, this concept only acts a visual guide for the operator. The
front of the hanging member will be equipped with a height adjustable screen. The
screen is then connected to a camera that hangs at the bottom of member and points
upwards. The solution will also have a small light equipped in close proximity to the
camera, to eliminate any issues due to darkness. The assembly will be done using
the standard 10 Nm tool, with the operator seated on a stool.

Figure 5.14: Revised concept 1 - Camera Align

Revised concept 2 - Mirror Align

The second revised concept was very similar to previous concept, with less complex-
ity. This solution uses a tiltable mirror that goes underneath the bumper to help see
the holes instead of a camera. The solution still uses the same mounting to the cab
suspension cross-member as the previous concept. An illustration of the concept
can be found in fig. 5.15. This concept will also use a stool for the operator to stay
seated during assembly.
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Figure 5.15: Revised concept 2 - Mirror Align

5.2 Concept elimination and screening
The screening process for this project included an elimination matrix and then two
rounds of selection matrices, to eliminate concepts that did not fit with the set
criteria.

5.2.1 Elimination matrix
The first matrix used for elimination only keeps the concepts that Solves main prob-
lem, Fulfills all demands, is Realisable, has a Reasonable cost, and is Safe. If any
concept does not fulfil all of these requirements, it is immediately eliminated. From
this round of elimination, the project team eliminated two concepts, Plastic clips
and Magneto, since they did not fulfil the Solve main problem criterion. The elimi-
nation matrix is shown in fig. 5.16.

Figure 5.16: The elimination matrix inspired by Ulrich et al. [3]
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Further, the project team generated 3 alignment solutions that also needed screening.
Since there were only 3 of them, it was enough to screen them with the elimina-
tion matrix. This removed the Knee/Hand solution since it did not fulfil all the
demands.

5.2.2 Selection matrices
The second round of elimination was done using selection matrices [3]. The project
team did 3 rounds of selection and the final one is shown in fig. 5.17. The other 2
can be found in Appendix D. The first round of selection acted as a guide for round
two and no decisions were taken. Each criteria in the matrix is mapped to the spec-
ifications from the target specification (table 4.4) and the connection between them
can be seen in table 5.1.

Figure 5.17: The final concept selection matrix, inspired by Ulrich et al. [3]

Criteria Target Specifications
Ergonomics 1,3,4,11,12

Safety 2,5,6
Cost 7,10
Time 7,9,10

Aftermarket 10,14
Complexity 9,10

Ease of alignment 8,9
Reliability 13
Easy to use 8

Table 5.1: Mapping between criteria for selection matrix and the target specifica-
tions

For the second round of selection, one of the other concepts was used as datum
concept. This round eliminated Metal detector and Lift solution due to them
being significantly more expensive and complicated than the rest of the concepts and
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performing poorly in both rounds of selection. Hanging by truck also scored very
poorly in both matrices. However, the project team decided to revise this concept
and came up with two different concepts, shown in section 5.1.5.

The third and final round of selection included the 2 newly revised concepts. In
this matrix the best preforming concept, Bolt++Sticker, from the first 2 rounds
were used as datum concept. The 2 worst performing concepts were Tool+kneel
and Periscope, which the project team eliminated. For the remaining concepts,
prototyping was chosen as the deciding method. This was deemed easier as the
prototypes were cheap and fast to develop and is a superior method compared to
any analytical methods.
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6
Prototyping

This chapter will cover the project team’s prototyping stage. The prototypes act
as a secondary evaluation method for the remaining concepts and help the project
team find which concept has the most potential and could be used to solve this issue.

6.1 Test bed
A test bed was built to be able to simulate and test prototypes. The test bed was
needed due to the 2 per day limit of FML’s being produced on line, which limited
testing. The test bed included the aluminium FUP member, plastic bumper, cab
suspension cross-member, and some pulleys to help hold up the heavy structure.
All of these parts were then assembled on to an aluminium-frame built in-house, to
simulate the conditions of the FML on the line. A picture of the full structure can
be found in fig. 6.1.

Figure 6.1: Test bed with the bumper and FUP member from the FML, with
annotations for clarity

Some measurements, like the height of the bumper from the ground, were measured
from the assembly line. Other measurements, like the relative position of the cab
suspension cross-member, were taken from the CAD files of the truck. This was
done to get an accurate representation of the real truck.
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6.2 Quick and dirty

To easily visualise and understand the final concepts, making low resolution proto-
types was the chosen strategy. This was done to help the project team decide on
which concepts to continue to develop and to get a confirmation if a certain concept
was even feasible and therefore possible to develop further.

6.2.1 Camera Align

The first concept that was prototyped was the Camera Align. For this prototype,
most parts were designed and 3D-printed by the project team. A custom mount
for the cab suspension cross-member was designed. Two phone holders with ball
and socket joints were made to represent a camera and screen. The designs were
taken from Thingiverse (thingiverse.com) [14] and then modified to adapt to the
aluminium tubes readily available at Lean Lab Tuve. The modified part and the
original are shown in fig. 6.2 and fig. 6.3. The complete prototype can be found
in fig. 6.4 with one of the phones attached, and the prototype mounted on the test
bed can be seen in fig. 6.5. A video call was started between the two phones to test
the camera align concept.

Figure 6.2: Modified ball joint Figure 6.3: Original ball joint
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Figure 6.4: Camera Align quick
prototype

Figure 6.5: Demonstration of
Camera Align on the FML

6.2.2 Bolt++Sticker
For this concept, a stud bolt and a modified flange nut was designed and 3D-printed
with the M8 standard measurement. The tolerance standards were calculated using
an online calculator [15]. A schematic diagram as shown in fig. 6.6 was used as a
reference. The fastener, in its separated and joined states, are shown in fig. 6.7 and
fig. 6.8 respectively.

The concept is printed in two parts so that the stud bolt can be assembled at the
FUP sub-assembly. The stud bolts then act as dowel pins which can be used for
positioning the bumper without visibility. The hex nut can then be fastened at the
bumper-assembly station (station 36) to complete the assembly.
As the prototype was developed, the project team learnt that stud bolts were stan-
dard parts. However, stud bolts available within Volvo use a different type of tool
for fastening and do not include a hex key as in the design, from what the project
team could find. This new information was considered for further evaluation.

6.2.3 Reflective stool Mirror Align
Since the Reflective stool and Mirror Align both use the same fundamental
principle of reflection, the same low-resolution prototype was deemed sufficient to
evaluate feasibility. The prototype included an existing wheeled stool that is used
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Figure 6.6: ISO and UTS Thread Dimensions diagram [16]

Figure 6.7: Bolt++Sticker parts
separated

Figure 6.8: Bolt++Sticker parts
joined together

on the line regularly for other assembly processes, a phone to replicate a mirror,
and a book to help hold the phone in the correct position. The full prototype can
be seen in fig. 6.9. It was observed that a clear view of the bolts could be achieved
even with the relatively small area of 120 cm2, which is the size of a phone screen
and can be seen in fig. 6.10. However, a few key points were noted by the project
team.

1. A phone screen is illuminated while a mirror is not.
2. A phone camera is wide angle. This could be emulated by a convex mirror

but that could warp the image or make the movement feel unintuitive.

6.3 Review and decision for continued prototyp-
ing

After testing the quick and dirty prototypes, the project team made some decisions
on which prototypes to develop further. All 4 of the final concepts worked as in-
tended in the quick prototype stage. However, the implementation of Bolt++Sticker
would require both product and process changes. A product change would be needed
because the list of parts that goes into manufacturing a FML would change. This

46



6. Prototyping

Figure 6.9: Reflective stool and
Mirror Align quick prototype

Figure 6.10: Reflective stool and
Mirror Align visual from under the

truck

is allowed by Volvo only when the truck is under development. The process change
however was relatively minor and would have been possible. Due to these reasons,
the Bolt++Sticker concept was eliminated from further development.

6.4 Higher resolution prototypes
For the next step in the prototyping stage, the project team decided to make higher
resolution prototypes for user testing, solution testing, and verification.

6.4.1 Mirror Align
The first concept the project team made higher resolution prototypes for was the
Mirror Align. For this concept, the cab suspension cross-member was used as the
mounting point for the prototype. The prototype consists of a structure made up
from aluminium tubes and angular metal joints. At the end of the aluminium struc-
ture, two angled mirrors were placed with the help of custom 3D-printed supports.

The mirrors needed an angle and could not be flat as the cab suspension cross-
member is less wide than the bumper and FUP member. The two bolts on each side
are not positioned within this width. The view from the operator’s perspective to
be able to see the hole and the complete assembled prototype mounted on the test
bed are shown in fig. 6.11 and fig. 6.12 respectively.
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Figure 6.11: The operator’s view
for Mirror Align, with the area of

interest circled in red

Figure 6.12: Mirror Align full
prototype

6.4.2 Reflective stool
For the second concept, Reflective stool, a custom plastic insert was designed by
the project team to be able to manipulate the operator’s viewing angle. The custom-
designed part consists of 3 different parts, A-C, and is shown in fig. 6.13. Section
A is an extension to the part to make it less likely to fall out during adjustment or
if it has been poorly attached. Section B is the splined section that attaches to the
aluminium pipe and each spline section allows for 22.5 degrees of rotation in either
direction. Section C has the same diameter as the aluminium pipe and will be used
as a support to fasten the mirror on.

The angular adjustment of 22.5 degrees was obtained by having two steps in the
plastic insert (see fig. 6.13) for every step in the internal spline of the aluminium
tube used. The aluminium tube was selected as this is the material readily avail-
able at Tuve Lean Lab to manufacture most of the factory’s assembly trolleys. The
internal structure of the pipe is shown in fig. 6.14. The pipe has 8 divisions, af-
fording 45 degrees per rotation. To increase the resolution of rotation and provide
more flexibility, two spline teeth were added for every slot in the tube, making each
rotation 22.5 degrees instead.

This concept attaches to the stool via a custom C-clamp. The C-clamp has two
alternative designs, which can be seen in fig. 6.15. A thorough evaluation of which
one was superior could not be conducted due to time constraints. Both worked as
intended and gave the operators the option to remove the tool if the stool needed
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Figure 6.13: Custom plastic insert Figure 6.14: Cross-section of the
aluminium tube used

to be used for another operation or task. It achieved this using the natural com-
pliance of plastic (PETG), which was just elastic enough to mount or unmount the
equipment from the stool without using any tools.

Figure 6.15: Both c-clamp iterations

From the other side of the C-clamp an aluminium pipe is attached that has the
mirror and the plastic insert connected to it. The full assembly is merged together
to one part and is adjustable and removable. The full prototype and the view from
the operators perspective can be seen in fig. 6.16 and fig. 6.17 respectively.

49



6. Prototyping

Figure 6.16: Reflective stool full
view prototype

Figure 6.17: Operators view of the
Reflective stool, with the region of

interest highlighted

6.4.3 Camera Align
For the third and final prototype a single-board computer was used as the main
component. For this project a Raspberry Pi 4 [17] was used and some additional
attachments for the Raspberry Pi computer were purchased and integrated. These
components are a Raspberry Pi Camera Module 3 [18], Raspberry Pi Touch Display 2
(7") [19], a 65 W Power Bank [20] and some 3D-printed parts to connect them to each
other. The 3D-printed parts were mostly designed by the project team. However,
some standard parts, such as a ball and socket joint [21] and a housing for the
Raspberry Pi Display [22] were downloaded from Printables (www.printables.com)
and redesigned to better suit the prototypes for this thesis. Fig. 6.18 shows the
rear of the display-holder where the ball and socket joint is located together with a
custom holder for the power bank.

Figure 6.18: Camera Align from
behind the display

Figure 6.19: Camera Align camera

The housing for the Raspberry Pi Camera was designed from the original drawings
from the camera from Raspberry Pi´s website [23]. To be able to attach it to the
aluminium pipe and later be able to remove it easily, a twist lock design was used.
The mounted camera and housing on the prototype are shown in fig. 6.19.
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Similarly to the Mirror Align, this prototype also makes use of the cab suspension
cross-member to hang on the truck. The prototype also uses the same aluminium
structure and stool set-up as Mirror Align. The view of the hole on the display
can be seen in fig. 6.21 and the full view of the prototype in fig. 6.20.

Figure 6.20: Camera Align display
view

Figure 6.21: Camera Align full
prototype

6.4.4 Prototype elimination by selection matrix
To be able to decide which concepts to further develop and test, the removal of
one or more of the concepts was necessary. A selection matrix was chosen for this
process. This was combined with some finding from testing, as described in Chapter
7. The criteria within the selection matrices remained the same as before from table
5.1. The first selection matrix used Reflective stool as a datum concept, since
the other two are closer in design. From this matrix, Reflective stool and Mirror
Align performed equally well, while Camera Align performed slightly worse. For
the second selection matrix, the worst performing concept in round one, Camera
Align, was put as the datum concept. In this matrix, both the other concepts
outperformed Camera Align. This ultimately lead to the elimination of Camera
Align for future testing. Camera Align did not pass the matrices mainly because
of its complexity. The added electronics would demand more development time to
"factory-proof", which would be to ensure reliable functioning despite a few drops
and rough handling. It also requires a battery that must be charged and maintained,
which the other two concepts do not. Both of the selection matrices can be seen in
fig. 6.22 and fig. 6.23.
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Two rounds of selection matrices were chosen with differing datums to ensure that
the result was reliable and that differences between the concepts were clearly re-
flected in the results. For example, in the first matrix, Mirror Align and Camera
Align are both more complex than Reflecting Stool, but to varying degrees.

Figure 6.22: Selection matrix for
final prototypes

Figure 6.23: Selection matrix for
decision on prototypes
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This chapter describes the testing of the prototypes to see if the intended purpose
such as safety and ergonomics was fulfilled, first through testing by the project team
and then by the intended users.

7.1 Solution testing
The fabricated prototypes were tested by the project team on the test bed and on
the stopped assembly line. This was done to ensure the function of the prototype.
Two main issues were uncovered during solution testing.

1. The hole for the middle bolt beneath the bumper of the FML presented a
challenge, as the shape of the bumper in front of it differed from that of the
other two.

2. The main assembly line in the relevant parts of the factory has a central slot
through which a chain drive passes. This chain drive helps move the assembly
dolly on which trucks are placed. This can be seen in figures 7.1 and 7.2. This
presents a challenge as all prototypes require a wheeled stool to use effectively.
The metallic lip around the slot as shown in fig. 7.1 has to be accounted for
as the wheeled stool must move laterally for smooth implementation. Some
parts of the line do not have the lip as shown in fig. 7.2.

Figure 7.1: Slot through the middle
of the line. Note the lip on the side

Figure 7.2: Slot through the middle
of the assembly line, without a lip

along its side

Most prototypes worked as intended, with minimal failures. A stool with bigger
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wheels, compared to the one that the project team was provided, was tested and
found to be better. It traversed over the chain drive slot more smoothly. It was
decided that this would be a recommendation for the final solution.

The Camera Align solution was also tested extensively before elimination. This
evaluation helped frame a basis for the selection matrices in section 6.4.4. It required
several modifications as stated below.

1. The positioning of the camera was set after testing on the test bed.
2. The camera’s orientation and the code required for it to function was chal-

lenging as the solution had to feel "natural" and so the movement of objects
in front of the camera had to feel intuitive. If the camera was mounted in the
wrong orientation for example, the hand would move into view from the sides
of the screen instead of from the bottom. Since the operator sat facing the
truck, this contributed to the solution feeling unintuitive.

There were also some minor failures of glue or 3D printed components which were
fixed with more thorough glue application methods or minor redesigns.

7.2 User testing
User tests were set up to evaluate the prototypes and get suggestions on how they
can be improved for the final solution.

Step Selected Method

Purpose

1. Evaluation between two prototypes.
2. Suggestions and observations that could help improve

the concept.
3. User acceptance.

Survey Population Available operators (Convenience sampling)
Survey Format Face-to-face interaction
Concept communication
means Working prototype

Measurement of user re-
sponse Observation and semantic scales

Table 7.1: User testing methods selected as outlined by Ulrich et al. [3]

"User acceptance" has been cited as a purpose to understand if the operators will
use the proposed solution in practise. This was selected as a criterion as it was
brought to the project team’s attention that operators often skip the recommended
equipment for a task if it means saving a small amount of time. The semantic scales
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and the interview questions used have been enclosed in Appendix E.

The following steps were followed by the project team on the day of user testing.
The same order was followed for every operator. The project team was aware that
comparison would happen in this method, but it was deemed beneficial for the result
of this project.

1. Demonstrate the assembly process using Reflecting stool.
2. Ask the user to fill the semantic scales and conduct the interview.
3. Demonstrate the assembly process using Mirror align.
4. Ask the user to fill the semantic scales and conduct the interview.

7.2.1 Results
6 users participated in the testing procedure- 4 men and 2 women. The experience
level ranged from 2 to over 25 years with 3 users having over 25 years. Some key
concerns raised by the operators have been stated below.

1. The lighting on the moving assembly line might be poorer than test conditions
as the truck blocks light underneath.

2. A test must be conducted on the moving assembly line to inspire more confi-
dence in the operation as the static test bed may be less challenging.

3. The visibility could be improved with a telescope mechanism that lets the op-
erator move the mirror further under the truck being assembled.

The users reported that there was very little to no mental strain using these solutions.
The reflecting stool however, performed better in this regard. The semantic scales
helped uncover further key findings which have been stated below.

Reflecting stool
1. All operators but 2 deemed that the visibility was either "Neutral" or positive.
2. The assembly procedure scale received mixed responses. 3 operators reported

positive results, 1 remained neutral, and 2 reported negative. However, the
positive results were "Very easy" in two cases and the negative was never "Very
difficult".

3. All operators but 1 reported that the process was "Somewhat uncomfortable".
This was due to the bending that was required to clearly visualise the assembly
area’s reflection in the mirrors.

4. All operators but 1 reported strongly positive results for mental effort, ex-
pressing that it was not complex. 1 result was neutral.

5. Operators reported mostly neutral responses, with 1 positive and 1 negative
response to the likelihood of adoption. Further probing during interviews
revealed that all 6 shared the same concern about using the equipment on the
moving line.
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Mirror align
This concept performed worse in every measured criterion. Since the Reflecting
stool and Mirror align were tested in succession, the operators stated their prefer-
ence for Reflecting stool without prompt. The key reasons have been cited below.

1. This concept’s inability to move with the operator without intervention, in
contrast to Reflecting stool which moves with the stool.

2. The angle of the mirrors made it harder to visualise the area clearly.
3. 1 operator also expressed concern about the equipment potentially damaging

the truck being assembled, as it is mounted on the truck itself.

The users also informed that they did not find the system to adjust the angle of the
mirror in Reflective Stool very helpful.

These results helped the project team eliminate Mirror align from further develop-
ment. Some key takeaways for the project team for the final prototype of Reflecting
stool have been stated below.

1. Inclusion of a telescopic mechanism by modifying the now eliminated angle
adjustment system for adjustable reach and visibility.

2. Protection for the mirror surface to prevent scratches and damage in the fac-
tory environment.

3. Removal of sharp edges for safe handling.
4. Suggestion to place the equipment close to the tool used for assembly to enable

easier adoption of the proposed solution on the assembly line.

A request was also made to the relevant department at Volvo to investigate the usage
of a shorter tool to perform the assembly. The excessive bending by the operators
was due to them being unable to get closer to the assembly area. This was caused
by the length of the tool as observed by the project team.

7.3 Final solution
The concerns during user tests were noted and changes were made to the design of
the winning concept, the Reflecting Stool. This concept’s adoption is also sup-
ported by the improved risk assessment as seen in Appendix B.4, MEC worksheet as
seen in Appendix C.5, and REBA evaluation as seen in Appendix C.6. The results
in both the REBA and Risk assessment clearly showed that the new solution was
superior to the current state. The REBA reported a score of 3 for the new solution
versus 4 and 11 for the current state and assembly without equipment respectively.
The risk assessment reported fewer risks with lower severity. The MEC shows better
results, however it could be argued that the REBA is more indicative than MEC
due to the MEC being heavily influenced by frequency. A full picture of the final
concept can be seen in fig. 7.3.
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Figure 7.3: The final prototype used for assembly line testing

The final prototype was tested on the moving assembly line by one operator, for
the production of a Volvo FML. Although further testing on the moving assembly
line would be ideal, it was not possible because of the project’s time constraints and
the 2 per day production limit of the Volvo FML at Tuve. It fulfilled the intended
purpose and worked as intended. There were however two concerns raised by the
operator.

1. Although the fastener under the FML was visible, it could be greatly improved
by the inclusion of a light.

2. It could be challenging for the stool to cross the central chain drive without
the operator standing up to do so.
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8
Discussion

This chapter aims to reflect on the obtained results and answer the set research
questions.

8.1 Final prototype testing
The final prototype worked as intended. The problems encountered were expected
by the project team. The lack of an assist light in the prototype was to keep the
design simple and prevent additional maintenance of electronics, such as charging
or occasional repairs. Larger wheels could be used on the assembly stool to solve
the problem of getting over the metallic lip lining the central chain drive. Although
two sizes of wheels were tested, further time and investigation is necessary to make
the equipment use as smooth as possible.

Despite the trade-offs made in this prototype, the successful assembly operation on
the moving line proved that the solution functioned as intended and met the targets
set by the project team. The test also implied that the solution fulfilled a TRL of
7.

The ergonomics measurements of sitting eye height, sitting reach height, and elbow
grip length could not be recorded by the project team as originally intended. This
was due to each member having to engage 2 to 3 operators at the same time, as
they were volunteering their break time for user testing. The semantic scales and
interview questions were prioritised. If concerns are reported by the users, it could
be beneficial to conduct a more thorough user test, record these measurements, and
see if a co-relation can be drawn between the concerns reported and the user’s an-
thropometric measurements, which was also the intent behind this user test’s design.

8.2 Target specifications
To make sure that the final solution was developed with the correct specifications,
a revisit of the initial specifications (Table 4.4) was conducted. The specifications
were however targeted towards a new tool rather than an overall solution. This
makes the target specification somewhat outdated, but still relevant to check if the
final solution fulfils the criteria set by the project team.
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Some notable ideal values that the final solution recorded, that were set in the initial
specification were:

1. No. of new assembly steps - 1
2. No. of new tools - 0
3. Mental strain - 5, where 1 is the worst value and 5 is best value from user

testing semantic scales as shown in Appendix E.1
4. Easy to use - 5 from the semantic scales
5. Perceived weight - less than 3 kg
6. Reaction force - 0 N
7. Posture- Green colour from MEC and REBA
8. Safe to use - Green colour in all assessed risks in the risk assessment, calculated

using the risk matrix as shown in Appendix B.1

Both the No. of new assembly steps and No. of new tools were achieved due to the
final solution being an equipment rather than a tool and the only added assembly
step is to to place the mirror on the stool. The word "Tool" was perceived as a power
tool used to perform fastening processes within Volvo, which is why the project team
decided to term the solution and any other machine not used to directly drive a fas-
tener as "equipment".

Mental strain and Easy to use was gathered from the user test. Although the sam-
ple size was fairly small due to the lack of available operators, the results were
favourable. The values for these could probably be better with more users testing.
However, as mentioned previously, the 2 per day limit of FML models being pro-
duced limited the testing of the solution before the end of the project.

Perceived weight and Reaction force display ideal values due to there not being any
new tools. The equipment does add some weight, but with the main components
being made from aluminium and plastic, the weight could be considered fairly neg-
ligible.

Lastly, both Posture and Safe to use were verified by doing another round of REBA
which can be found in Appendix C.6, MEC found in Appendix C.5 and Risk as-
sessment found in Appendix B.4 for the final solution. While the risk assessment
does not have risks only in the green region, it does indicate significant risk reduction.

8.3 Ethics
Research ethics played a relatively small role in how the project was conducted.
This was likely due to the lack of any testing closely with other people apart from
the project team for large parts of the project. However, since a large number of
interviews were conducted across the project, consent for data collection was always
obtained at the start of the interview. Although most personnel did not mind their
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personal information being logged, some chose to keep it anonymous, which was re-
spected by the project group. Names and any other identification means have been
carefully omitted throughout the report and all recorded information outside of the
written report will be erased upon thesis submission.

During user testing, there were ethical considerations blocking the project team from
asking the participants during user testing from attempting the assembly operation
without assistive equipment like in fig. 1.4. This was planned initially to understand
if the users find the proposed solution useful compared to no special equipment.
Although the test bed was static and free from the risks associated with a moving
assembly line, the load on several joints including the neck and knee was deemed
too high.

8.4 Sustainability
The solution contributes well to social and economical sustainability. Socially, it
improves the assembly position and enables safe operation, offering a benefit to the
operators. This can be inferred by the safety and ergonomics analyses.

An information search was conducted to understand the economic impact of the
solution on Volvo. Since this information was deemed confidential by the organi-
sation, the results cannot be published in this report. However, the study strongly
supported economic sustainability. The solution itself is also fast and cheap to man-
ufacture and repair, supporting this cause further.

Due to time constraints, environmental sustainability could not be analysed using
a tool like Ansys Granta EduPack [24]. This tool could have been used to analyse
recycle-ability, carbon impact, and also find more suitable materials with desired
properties. Currently, the solution uses PETG, acrylic, and polycarbonate (PC)
plastic parts mounted to an aluminium tube. Stainless steel fasteners are used for
attachment.

8.5 Backlog
Although a functioning prototype was built and tested, there were a few tasks that
were planned but could not be completed related to the chosen solution, Reflecting
stool.

1. Detailed engineering drawings of the designed parts.
2. A full list of suppliers for the parts used, and a supplier for the mirror used

which was obtained from Biltema (biltema.se).
3. Fatigue testing, especially for the compliant plastic part that clipped on and

off the assembly stool.
4. Detailed research exploring the possibility of using a shorter power tool for

lesser bending during assembly.
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8.6 Usage of AI and LLMs
Two LLMs were used during this project- ChatGPT (chatgpt.com) and Grok (grok.com).
They were used in the following ways.

1. To find interesting products during Information Search.
2. To write references in BibTex form for Overleaf.
3. To debug parts of Overleaf code, mainly with regards to formatting.

For the scope of this project, LLMs were effective to only debug overleaf code and
were not very helpful for finding products or generating ideas. While some image
generation was attempted to visualise schematic diagrams, they proved largely un-
helpful. No information, text or image, was uploaded to either of these services and
the prompts contained no confidential information.

8.7 Challenges
The biggest challenge to this project was the 2 per day production limit of the Volvo
FML on the assembly line. More reliable testing could have been conducted directly
on the product if it were more frequent. However, the test bed mitigated a good
number of the shortcomings and proved to be a good decision, despite requiring
several days of work by the project team.

The fairly traditional waterfall methodology with lean principles-inspired testing
proved effective. Time did not feel like an issue for solving the main problem in
most parts of the project. A better plan could have been made for prototyping
material procurement by the project team. To save costs and be frugal with the
materials ordered, the project team waited until the concepts were finalised to order
the parts, which caused a delay in the fabrication and testing of prototypes. Since
the prototyping material ordered was relatively inexpensive, a decision could have
been made earlier to shorten or eliminate this delay.

The detailed research on ergonomics methods available proved to be critical to-
wards the end of the project. The MEC worksheet encompassed all problem areas
in production line ergonomics, but proved to be ineffective for the low-frequency
case tackled by the project team. However, REBA analysis proved very helpful and
mitigated those shortcomings. The MEC worksheet ensured no major areas were
missed by the team.

Lastly, three different body measurements were deemed appropriate for user tests.
However, owing to the time constraints during testing, it was not possible for the
project team to measure the participants. The interview process was in-reality,
multi-to-one, where the two members of the project team were engaging 2 to 3 users
at the same time. This could not be avoided as the users were invited during their
breaks and worked on strict shift timings. Instead, their stature height was asked
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and noted, which ultimately did not yield definitive co-relations.

8.8 Future work
As for future work, the project team had two concepts that had the potential to
work given additional time and budget. These are listed below and were good so-
lutions in isolation, but deemed unsuitable for this project mainly because of the 2
per day production limit of the FML.

1. Bolt++Sticker concept is an elegant solution that could be developed further
if more time and money were available. A suggestion is that Volvo develop it
after the thesis if they really like it. The solution required a product change
which was not possible, as has been addressed earlier.

2. Camera Align as a concept could be more versatile and must be developed
further for under-up assembly. Ensuring reliability and robustness of electron-
ics in a factory environment was a challenge in this project. It was also agreed
that it was too complex a solution for this particular problem.
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9
Conclusion

This Master’s thesis set out to help Volvo Trucks in Tuve to develop a possible
solution to be able to tighten bolts with no visibility located under the truck on the
main production line. This was done with a large focus on ergonomics and safety to
ensure that the final product/prototype is on par with Volvo’s standards regarding
to safety and ergonomics. This thesis also had some research questions that will be
covered below.

In total, 4 research questions were set in the beginning of this project. They have
been answered below, from the obtained results.

1. What requirements are placed on the solution for it to be useful in the
assembly environment? - This was answered by the detailed target specifica-
tions shown in table 4.4.

2. How can good ergonomics be ensured for the intended purpose? -
Good ergonomics were ensured by avoiding extreme angles on any joints. This
was verified by using the REBA method and suggesting revisions to other parts
of the process that were out of scope for this project, or the project team did not
have time to work on. This was mostly successful, as the ergonomics and safety
were kept within acceptable margins while ensuring that the main problem was
addressed. The REBA worksheets can be found in Appendix C.

3. What changes are required to the system/process and by which stake-
holders to ensure usefulness and usage of the solution? - This question
was answered in two steps.
(a) The solution had to be accepted by the relevant production engineer, rel-

evant safety officer, and the ergonomists. Production engineers were im-
portant as they could judge whether time was available to integrate the
proposed solution to the existing assembly workflow.

(b) The users, which in this case were the operators, had to accept the solution.
Positive responses from the users during user testing indicate a likelihood
that this new solution might be used in their practise.

4. Who is affected by this project? How does it add value to said people?
- The following people were most affected by this project:
(a) Volvo as an organisation due to the economic benefit.
(b) The line operators due to a safer and more comfortable way of performing
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the assembly.
(c) The adjustment area operators as they do not have to do an assembly their

area is not designed to support. It also frees up their time.
(d) The production engineers in-charge of both the main line and the adjust-

ment areas, as their personnel will be performing the processes they are
intended to.

In conclusion, all the research questions set by the project team were answered and
the final prototype seems to be a good solution for the operators to use on the
production line. However, this is a solution to a current problem of having bolts
underneath the truck, but the ultimate solution would be to remove any bolts under
the truck and try to have a redesign to put these in more easily accessible areas to
make the process faster and safer.
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