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Abstract 

i 

Abstract 

This final thesis project explores the improvement of an adjustable device designed to enhance 
the safety of exoskeletons used in physically demanding environments such as in the forestry 
industry. The project aims to redesign the mechanism of an existing adjustable device but for a 
different application on a wearable harness. The original adjustment device was developed for 
helmets, but the adjustable device will be redesigned for the application of the shoulder and 
waist area. The primary objective is to create a testable and functional solution that helps to 
prevent safety hazards associated with traditional adjustment methods. 

Using a structured mechanical design process, the project applied tools such as Quality 
Function Deployment, the House of Quality, and various concept generation methods 
(brainstorming, analogies, morphology, and the Pugh matrix to name a few). Benchmarking of 
exoskeletons and concept development helped identify and incorporate ergonomic and 
functional improvements into the design. The result is a rotational adjustment mechanism 
inspired by everyday analogies, with a locking function and one-handed usability. 

The final concept design does not meet all design requirements. However, the study does 
provide a simple design solution that fits into existing harness products. Future research is 
recommended to evaluate material performance, conduct long-term field testing, and explore 
integration into similar exoskeleton systems. 
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Sammanfattning 

Detta examensarbete undersöker förbättringen av en justerbar komponent där huvudsaklig 
fokus är att öka säkerheten hos exoskelett användaren. Exoskelett används i fysiskt krävande 
miljöer, till exempel inom skogsindustrin. Projektets syfte är att designa om en befintlig 
justeringsmekanism för att kunna användas vid axel- och midjeområdet på Husqvarnas sele. 
Det primära målet är att skapa en testbar och funktionell lösning som minimerar lösa remmar 
och förebygger säkerhetsrisker förknippade med traditionella justeringslösningar. 

Genom att följa en strukturerad mekanisk designprocess har projektet använt verktyg såsom 
Quality Function Deployment, House of Quality samt olika metoder för konceptgenerering 
(brainstorming, analogier, morfologi och Pugh-matrisen). Benchmarking av exoskelett och 
utveckling av koncept har hjälpt till att identifiera och integrera ergonomiska och funktionella 
förbättringar i den slutliga designen. Resultatet är en roterande justeringsmekanism inspirerad 
av vardagliga analogier, med låsfunktion och möjlighet till att justera komponenten med 
användning av moment med en hand. 

Den slutliga konceptdesignen uppfyller inte alla krav på hållbarhet, enkelhet och justerbarhet. 
Däremot, har studien resulterat i en enkel design lösning som går att applicera på befintlig sele. 
Vidare rekommenderas framtida forskning för att utvärdera materialprestanda, genomföra 
långsiktiga fälttester samt undersöka integration i liknande exoskelett system. 
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1 Introduction 

1.1 Background 

Husqvarna has a history of over 330 years of innovation, and the innovation is continuing today. 

In the early 20th century Husqvarna began designing handheld equipment [1]. They quickly 

became a leader in the industry because they prioritize the safety of the operator using handheld 

equipment.  Husqvarna has always prioritized reducing risks for the users of their handheld 

equipment.  

In the forestry industry it is very common to work with handheld equipment. It is a risky 

occupation to be working in. One report even describes forestry work as one of the most 

dangerous activities [2]. One of the risks associated with using handheld equipment is pain in 

the lower back, shoulders and neck area [3, p. 10]. Preventative measures can be taken to lower 

the risk of injury. The usage of an exoskeleton could help minimize the long-term risks while 

working with handheld equipment.  

Husqvarna focuses on safety and innovation which presents an opportunity to explore solutions 

that reduce the strain on forestry workers. Such a solution could benefit the forestry industry 

by the integration of an exoskeleton to help reduce the risk of injury. By supporting the lower 

back, shoulders and neck area may help users increase productivity while reducing long-term 

health risks.  

This report will examine the potential benefit of the usage of an exoskeleton for forestry work 

by the implementation of an adjustable device. The goal with the adjustable device is to improve 

the exoskeleton user's ergonomics and reduce the strain during prolonged use.  By integrating 

an adjustable device on the exoskeletons, Husqvarna can continue its legacy of innovation while 

enhancing safety, comfort, and efficiency for exoskeleton users. 

1.2 Problem Definition 

The problem with many exoskeletons is that once adjusted, there is often a piece of strap 
hanging from the exoskeleton. When using handheld equipment with fast rotating sharp blades 
the hanging strap can easily get caught up in the saw. Many exoskeletons have these straps that 
hang after adjustment of the straps. Hanging straps from the exoskeleton becomes a safety 
concern. The exoskeleton user risks serious injury if the hanging straps get caught up in the 
handheld device. 

 

Figure 1: Adjustable Device on Husqvarna helmet [4]. 

The previous adjustable device (shown in figure 1) is to be redesigned to fit the application of 
the shoulders and waist for the Husqvarna harness. The previous adjustable device has 
functioning ergonomic aspects while the functionality of the mechanics needs improvement. 
Therefore, the mechanical components need to be redesigned for functional purposes in the 
new application. 

 The challenge is that the previous design was intended to adjust for the application of the head. 

The new design application is for the adjustment of the shoulders and waist. These two different 

applications vary in terms of engineering requirement for a functional adjustable device. To 

meet the desired standards set by the requirement specification the previous adjustable device 

does not have the durability required to hold the stresses in the shoulder region. By improving 

the adjustable device this project will aim at enhancing both ergonomics and mechanical 
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reliability of the adjustable device, ensuring that exoskeleton users remain safe while 

maintaining efficiency in their work. 

 

1.3 Purpose and Research Questions  

The purpose of this final thesis project is to reduce the risk of injury for the user of the 
exoskeleton by improving the adjustment device. Also, the purpose of the adjustment device on 
an exoskeleton is to prevent a loose fitted exoskeleton.  Most exoskeleton help transfer 
undesired stress from an area of the body with low tolerance for stress to an area with higher 
tolerance for stress. To make this possible for the user it is imperative that the exoskeleton fits 
and is adjustable to the individual dimensions of the user. The potential of solving this is going 
to be explored by improving the adjustable device shown in figure 1.  

The research questions in the project are: 

1. What are the design requirements to create an adjustment device that is customized for 
the exoskeleton application?  

2. Out of benchmarking for similar adjustment device products, what are some key 
features and benefits with designs from available solutions on the world market? 

3. How can the design of the adjustable device be optimized to meet the requirements 
from question 1 and incorporate design considerations from question 2? 

4. What are some physical prototype design suggestions for the adjustable device?  
5. How will the adjustable device be tested regarding research data collected from this 

thesis project? 

 

1.4 Limitations of the Study 

The limitations of this study are important due to the limited time constraint for designing and 
improving the adjustable device. Prioritizing time has been taken into consideration when 
planning this study. The priority of the project group is presented in a MoSCoW model, 
available in Table 4. The project must have a testable and functional prototype by the end of the 
study.  

A testable prototype is a physical conceptual prototype that accurately represents the designed 
functions of the study. A functional prototype refers to a mechanically operational conceptual 
prototype. Additionally, considering manufacturability, material selection and sustainability 
could have been explored. However, the study´s limited timeframe has restricted the 
exploration of these aspects but will take these aspects into consideration if the time allows it.  

1.5 Disposition 

This report is structured to follow the Mechanical Design process taught by David G Ullman 
with a focus on improving the mechanical and ergonomic design of the adjustable device. 

Introduction: This section introduces the background of Husqvarna's values and relates them 
to the project. The introduction section also explores the project's problem, defines the purpose, 
presents the research question and describes the limitations of the project. 

Theoretical Framework: This section provides an overview of theoretical aspects surrounding 
the understanding of the exoskeleton. The harness that is used in the study is presented as well 
as a description of the adjustable device. The section also covers the challenges and desired 
design improvements from previous studies. 

Method: In this section a detailed explanation of the Mechanical Design process is presented in 
detail. The process was used to improve the adjustment device.  
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Implementation and Results: This section outlines the process of evaluating and redesigning 
the adjustable device. Throughout the process the design improvements are followed in relation 
to the research questions.  

Discussion and Conclusion: This section summarizes and analyzes the findings, discusses 
improvements to the adjustable device, along with recommendations for further development 
and testing. 

By following this structure, the report aims to present the project in a logical and easy to follow 
approach. 
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2 Theoretical Framework 

2.1 Connection between Research Questions and Theory 

Tabel 1: Connection between research questions and theory section of the report. 

2.2 What is an Exoskeleton?  

An exoskeleton is defined as a wearable structure that “supports and assists movement or 

augment the capabilities of the human body" [5]. The exoskeleton can be used in a variety of 

different industries. Exoskeletons are either passive or active. Active exoskeletons are 

motorized based while a passive exoskeleton is mechanical [5]. Active exoskeletons use motors, 

pneumatics, and/or sensors to create support for movement with the focus of increasing 

mobility. Passive exoskeletons use elastic materials and/or springs to create support for 

movement with the focus of supporting mobility [6]. Exoskeletons are used in many different 

fields with the aim of reducing physical strain and preventing injuries.  

2.3 Work Environment Safety  

Logging is a common profession in forestry work. Logging is physically demanding work that 

involves working in challenging terrain which increases the risk of injury. Clearing and 

trimming trees often involves repetitive tasks. Repetitive tasks require extensive bending 

(figure 2), lifting, and using equipment in uncomfortable positions, putting strain on the back, 

shoulders, and joints (even injuries to the hand [7]). Loggers are at high risk of long-term health 

issues due to the constant strenuous work [8]. The combination of heavy lifting, bending, and 

using equipment in difficult conditions makes this work very physically strained over a 

prolonged time frame. With the repetitive movements associated with the use of handheld 

equipment there is the risk of acquiring a repetitive strain injury. RSI is defined as an injury 

that occurs to muscles, tendons or joints due to repetitive movements [9]. 

 

Figure 2: Illustration of uncomfortable movement in working environment for a logger [13]. 
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2.4 Husqvarna Harness 

The Husqvarna harness is a well-established product known for its comfort and reliability. 
Popular among users, it has earned a strong reputation on the market which makes it an ideal 
choice for a harness to test the adjustable device on. As noted in the requirement specification, 
in Table 3, only the predetermined harness is to be used, and the harness is not to be redesigned. 
The project's timeline does not allow for the time required to redesign the harness. However, it 
is important to understand how the harness is built to better understand the design application 
of where the adjustable device is to be placed, as shown in figure 2.  

 

Figure 3: Positioning of the adjustable device on the Husqvarna harness indicated by the three 
red circles [10]. 

2.5 Adjustable Device Application 

Adjustable device application refers to the way the adjustable device will be used in relation to 

the exoskeleton. Since the mechanical design solution of the adjustable device is unknown (at 

the time of starting this project) the way the adjustable device will be attached onto the 

exoskeleton will be referred to as application. The adjustable device is to be applied to the 

application of the shoulders and waist of the Husqvarna harness. This is what is meant by the 

application in the first research question of “what are the design requirements to create the 

adjustable device that is customized for the exoskeleton application?” 

2.6 Product Breakdown 

The product (figure 1) experiences different applied forces in its mechanical function. For 
example, the adjustable device on the helmet (figure 1) is designed to tighten to get the helmet 
to fit different users. The knob is turned allowing the tightening motion from the internal gear. 
When the gear turns clockwise it reduces the diameter of the helmet straps. The reduction in 
diameter creates tension in the helmet strap allowing a tighter fit for its user. In contrast, when 
the knob is turned counterclockwise the diameter of the helmet strap increases, resulting in a 
loosen fit. 

As seen in the image below (figure 4), the adjustable device product (figure 1) is broken down 
into three main design areas. The first being the grasping knob which is indicated by the letter 
A. Then the main body of the product is the area where the mechanical functions will be stored, 
indicated by the letter B. Lastly, the area indicated by letter C is the design area that will attach 
the adjustable device to the harness.  
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Figure 4: A visual representation of the three main design areas of the adjustable device 

from the Husqvarna helmet. 

 

2.7 Previous Studies on Exoskeleton 

Adjustment capabilities have been discussed in previous exoskeleton studies, such as by Leon 
and Jakub [11]. In this study the adjustment capability was implemented in the application of a 
spring on the back. This project will explore new design alternatives to the adjustable device 
that gives the desired adjustability for the exoskeleton. Many project groups have worked on 
different aspects to implement adjustability into the exoskeleton.  

The previous study that was conducted on the exoskeleton emphasized the importance in 
developing the adjustability of the exoskeleton. As mentioned from the further development 
section in the report, it states (in Swedish) ... "Implementering av justeringsmöjligheterna som 
framkommit från nuvarande projekt” [11]. In other words, the next step in developing the 
exoskeleton is to implement adjustability. The thesis you are reading right now is the next step 
in making the exoskeleton more adjustable.  

Another aspect of adjustability being the importance of field testing the prototype. In a 2023 
study a project group conducted the optimization of a Husqvarna Harness. In the report it was 
expressed how in further study the product should be field tested, and it gives more reliable 
data [12]. Implementation of a field test is beneficial data for the study.
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3 Method 

3.1 Connection between research questions and method 

Table 2: Visualizes the connection between research questions and methods.   

3.2 QFD method 

QFD stands for Quality Function Deployment. The method is developed to help the project 
group understand the problem. Understanding the problem is important in creating a 
functional product. As Ullman states, the method has eight steps... 

1. Identifying the customers 
2. Capturing the customers’ requests. 
3. Understanding what is important to the customer. 
4. Benchmarking the competition. 
5. Developing engineering specifications. 
6. Relating the engineering specifications to the customer’s request.  
7. Developing targets for the engineering specifications.  
8. Determining the interdependence of engineering specifications. [15, p 141-170] 

The above steps from the QFD method are closely intertwined with the Mechanical Design 

Process. For reference, the term ‘customer’ in this report refers to the exoskeleton user and the 

project owner. 

 

3.3 The Mechanical Design Process 

3.3.1 Project Definition 

This design phase is about defining the project. The project needs a clear definition for the 
purpose of effective communication between all individuals involved in the project. The project 
owners' goal and desired outcome will be defined. An important part in defining the project is 
defining in detail what the project should and should not encompass. Some examples of this are 
a company's resources such as time, money, people and equipment. These resources are 
essential to consider for the capacity to deliver what the project hopes to achieve. 

3.3.2 Product Definition 

In the product definition phase, the goal is to understand the problem. Product definition also 

lays the foundation for the rest of the project [15, p. 85]. To understand the problem, it is 

important to understand what the customers’ needs are. The customers’ needs will be defined, 

then identified and later converted into measurable parameters. 
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3.3.3 Conceptual Design  

The goal in the conceptual design phase is to develop and analyze concepts for product 
development. In this phase, the information gathered from project and product definition will 
be used to create concepts within the project's parameters. In addition, the goal of the 
conceptual designs is to create one functional prototype that leads to the creation of a quality 
product. 

The quality of the product is a balance between knowledge about the design problem and design 
freedom over the time of the design project [15, p. 11]. Making the most of the time in a project 
is important to accurately understand the problem. Understanding the problem in a short time 
helps to avoid the potential for having to redesign the product when time is limited. 

3.3.4 Product Development 

In the product development phase, the chosen conceptual design is evaluated and refined. 
Later, it is converted into a testable product. The process for this project will not take into 
consideration the material and manufacturability of the product. Instead, the product 
development phase will take into consideration the design with the goal of creating a functional 
product.  

 

3.4 Project Definition 

3.4.1 Discover Design Project 

To discover a project the customer needs should be identified. The sources for finding such a 
need could be found in an emerging market or internal company knowledge. Customers need 
help identifying what needs to be improved in a product. By having a desire to improve a 
product or create the desire to see a change in a product, a project is discovered.  

3.4.2 Choose Design Project 

Choosing the design project can be done by the project owner. In this step it is important to 
consider the impact of the project and the available resources for the project [15, p. 110]. 
Considering the pros and cons of what impact the project has on the company is an effective 
way to choose a project of highest growth potential on the market. 

3.4.3 Plan Design Project 

The planning of the design process is done using a Gantt chart. This chart helps to plan design 
projects in accordance with time and resources. The Gantt chart has a list of all the activities 
that are to be completed throughout the entirety of the project. Each activity is given a deadline 
when the specific activity is to be completed by a certain date. The deadline takes into 
consideration the resources available in the project group.   

 

3.5 Product Definition 

3.5.1 Step 1: Identify the Customers 

The customer is not always identified as the user of the product. The customers in a project can 
vary depending on what the goal of the project is. It can be argued that the user of the product 
is the customer. Understandably so but, since the customer is considered the person with the 
most knowledge and expertise in using the product, the user is not always the customer. 
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3.5.2 Step 2: Requirement Specification 

This step is to determine the customer requirements. The requirement specification has been 
created together with the help of the project owner, the customer, in this scenario. Later, this 
collected information will be analyzed against interviews with the exoskeleton user, for the 
reason of validity. Then the information collected from the interviews will be used to generate 
the requirement specifications. The requirement specification is a table that lists the important 
functional requirements from the customers that are not measurable. 

3.5.3 Step 3: MoSCoW 

This step is to determine the relative importance of the requirements. Determining the 
importance of the requirements is focused on determining the importance of each of the 
customers' requirements [15], as noted in the third step in the QFD method under section 4.2. 
To determine the relative importance of the requirements one must begin by asking (1) To 
whom is the requirement important? and (2) how is a measure of importance developed for this 
diverse group of requirements? [15]. 

To help understand the level of importance of the different requirements the use of a MoSCoW 
model can be used. A MoSCoW model helps rank the most important requirement 
specifications into different priority groups. The different groups are Must Have, Could Have, 
Should Have, Won´t Have. The Must Have are the requirements that the product must have. 
The Could Have are the requirements the product could have. The Should Have are the 
requirements that the product should have. Lastly, the Won´t Have are the requirements that 
the product won´t have. In accordance with the House of Quality, the importance of 
requirement specifications will be distributed with a point system totaling the sum of 100 
points. These 100 points are then distributed as valued by the customers in the HoQ (Table 8) 
and the MoSCoW, visible in Table 4. 

3.5.4 Step 4: Competitive Benchmarking 

This step is to identify and evaluate the competition. As noted in step 4 in the QFD method 
(benchmarking the competition) correlates to the competitive benchmarking. Benchmarking 
the competition entails finding competitors' products and relating them to the requirement 
specifications. The purpose of this is to determine what already works and what needs to be 
improved with similar products on the market. There are two steps involving benchmarking. 
To help explain, a continuation of this benchmarking will be done in Step 7. Step 4 is for 
collecting the information and evaluating the collected data. Step 7 is for relating the collected 
data to the engineering specifications. 

3.5.5 Step 5: Measurable parameters 

This step is to generate engineering specifications. Ullman uses the term engineering 
specifications to relate to measurable requirements whereas customer requirements are, in 
most cases, not measurable. The customer requirements will be analyzed, and engineering 
specifications will be generated by the project group. The project group will take into 
consideration the importance of the Must Have in the MoSCoW and the results from 
benchmarking the competition when generating the engineering specifications. 

3.5.6 Step 6: Kano Model 

The goal of the kano model is to relate the customer requirement (i.e. customer satisfaction) to 
the product function. This will be done by creating a chart with the x-axis being the product 
function and the y-axis being customer satisfaction. Each engineering specification will be used 
and ranked in the table. The kano model helps determine which of the engineering 
specifications has the highest impact value on customer satisfaction. The engineering 
requirement with the highest value in customer satisfaction (data from the House of Quality) 
will be prioritized in the designing process of the adjustable device.  
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Figure 5: Kano Model of Customer Satisfaction based on product functionality over time [14]. 

3.5.7 Step 7: Benchmarking 

In this step the engineering specifications targets are set, and their importance is determined. 
Step 7 focuses on setting the specification importance and measure how well the competition 
meets the specifications [15]. Specification importance will be completed by rating each 
engineering specification.  Next, measuring how well the competition meets the specifications, 
the specifications will be used to compare the researched competitors' products to the 
engineering specifications. Lastly, setting specification targets will be done by using the 
requirement specification. The engineering specification with the highest importance will be 
the specification target.  

3.5.8 Step 8: House of Quality (HoQ) 

In this step, the project group examines the relationship between engineering specifications 
and requirement specifications with the usage of importance values. If the relationship is too 
similar, then a revision in the engineering requirement should be considered. Also, this is to 
clarify the unmeasurable customer requirements. Each requirement specification is related to 
its equal in engineering specification. 

The goal of HoQ is to create parameters that align with what the customers' needs are. This tool 
is a visual representation of a collection of the results from the above steps 1-8, under section 
3.5. The HoQ is as shown below, figure 6.  

The number in the different 
shapes correlates to steps 1-8 in 
section 3.5. The question beside 
the number represents what the 
meaning of the step is. Step 1 is 
about who the customer is. Step 
2 is about What do the customer 
want. Step 3 is about 
determining what is important 
to the customer by relating who 
versus what. Step 4 is about 
How satisfied are the customers 
now. Step 5 is about How will 
the customers' requirements be 
met. Step 6 is about How to 
measure what. Step 7 is about 
how much is good enough in 
relation to the engineering 
requirements, expressed in 

percentages. The percentages are calculated by dividing the total importance value for an 
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individual engineering specification with the total importance value of the total of all 
specification.  

For example, the relationship value for the specification rotational hand movement for 
adjustment is 9 (strong relationship) and the exoskeleton user weighed the specification to 15 
then these two values are multiplied together. This process of multiplication is continued down 
the column for all 12 requirement specifications. Add these values together. After this value is 
acquired, the importance values for that engineering specification should be 380. This value 
now needs to be divided by the total sum of all the engineering specifications for the exoskeleton 
user. This value is 2858. Divide 380 by 2858 and multiply by 100 to express the value in a 
percentage. Round to nearest whole number. This percentage value for this specification should 
be 13 percent.  

Lastly, step 8 is about How are the how's dependent on each other in finding out how the 
different engineering requirements are dependent on each other. These are noted by a plus sign 
or a minus sign. The plus sign indicated a positive change in dependence and a minus represents 
a negative change in dependence. [15, p. 141-171] 

3.6 Conceptual Generation 

3.6.1 Brainstorming 

Brainstorming method is set up by gathering information from the project owner and later 
making illustrations based on the information gathered. All concept ideas are documented as a 
rough sketch and later used as inspiration for CAD drawings. All ideas are documented on paper 
where an illustration is drawn on paper. Brainstorming has been done throughout the product 
definition phase and the beginning of the conceptual design phase. Also, this method is effective 
in documenting and visualizing creative solutions. The effectiveness of this method is because 
of the freedom in design that it allows for. Evaluation of the idea is not done in this method only 
in generation of the idea in conceptual design [15, p. 195].  

3.6.2 Analogies in Design 

This is an effective method in concept generating because it takes inspiration from existing 
products to craft new concepts. By understanding the function of the adjustable device and 
finding an analogy in other products to generate ideas. Everyday object can create an idea that 
leads to a functional concept. Also, the analogy of nature can serve as an inspiration to create 
concepts. [15, p. 157–210] 

3.6.3 Morphology 

This method involves using function-based concept generating. According to Ullman, there are 
three steps in Morphology. The first is to determine the functions. This entails analyzing the 
product to find the different functions, these are called subfunctions. When the subfunctions 
are found, the second step is to develop concepts for each function. The third step is to combine 
different subfunctions to form a concept [15, p. 157–210].    

3.6.4 Pugh Matrix 

 This stage is about evaluating concepts and selecting one concept to develop. As Ullman states, 
the goal is to expend the least number of resources on deciding which concept has the highest 
potential for becoming a quality product [16, p. 229]. To achieve this goal in a timely manner, 
Pugh matrix will be used. Pugh matrix evaluates and compares different design concepts to help 
select the best design concept with the most fitting solution in relation to the set criteria for the 
project. In the rows of the matrix table there is the list of the projects criteria. The columns list 
the different design concepts.    
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3.7 Product Development 

3.7.1 Generate Product 

Generating the product involves creating a physical prototype. This can be done in a variety of 
ways, mostly through a CAD program. The usage of CAD program is popular due to its 
approximate representation to the physical world in a 3D space. It can also be done in a 2D 
space such as a sketch, depending on the available resources in a project. The goal of generating 
the concepts is to create potential solutions that can be analyzed and refined.  

3.7.2 Evaluate Product 

To effectively evaluate a product a conceptual 3D printout is created and later evaluated in 
relation to the engineering specifications. The 3D print out allows for a physical evaluation of 
the conceptual idea. In this evaluation, knowledge is gained about design and can be revised to 
create a higher quality product. 

3.7.3 Refine Product 

In this stage refining the product involves improving the design from the knowledge gained in 
the evaluation stage. Also, improving the design involves meeting as many of the engineering 
specifications as possible. Ideally, creating a conceptual design that meets all the engineering 
requirements and satisfies the customer is a goal worth achieving. If the conceptual design does 
not meet the engineering requirements, then the product development phase starts over at the 
generating product stage. Then the evaluate stage. Later the process is back at the refined stage 
to create (worth repeating) ... the highest quality product possible!  

3.8 Interviews 

Physical interviews are an important part in this project for the reason of getting a second 
opinion for analyzing and developing the adjustable device. For analyzing the adjustable device, 
qualified professionals have been selected from both the university and Husqvarna. To analyze 
the adjustable device a conceptual prototype was brought to the interview where the interviewee 
got a feel for the ergonomics. The format of the interview was open discussion, no 
predetermined questions were asked as to not steer the discussion in one direction and for 
validity reasons.  

As for the interviews for the development of the adjustable device, a weekly meeting with the 
project owner took place for the duration of the project. The meeting is no longer than 20 
minutes. The goal with these meetings is to keep the customer and project group 
communication active about the status of the project. Also, at these meetings the project group 
presents a concept every week that the project group believes will solve the problem. Then the 
project owner gives his or her suggestions for improving the design and the process is repeated 
for the following week. This set-up ensures that the design of the adjustable device lives up to 
the desires and expectations of the project owner. 

In addition, interviews with different professionals have been done to help with the concept 
evaluation process. These interviews focus on ergonomic professionals and field testing experts 
to get a second opinion on the functionality of the different concepts. 

3.9 Analysis method for results 

The method for analyzing the collected data for results has been done through interviews. 
Answers from people in interviews are often a perception. A person's perception can be difficult 
to measure. This is why the answers from the interviews are changed into engineering 
specifications. The data collected is converted into an engineering specification (measurable 
parameter). The person that converts the requirement specification into engineering 
specification is the project group. To further analyze the results the House of Quality is used to 
understand how important each of the engineering specifications are to the customer.  
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3.10 Validity and Reliability 

To more accurately interpret the customers' needs a House of Quality has been created in this 
project. It is an analytical tool to validate the importance of each specification to the customer. 
This validation is created through a value system formed from the perspective of the customer. 
This value system helps the project group to understand what the needs are and their 
importance to the customer.  

Reliability can be slightly skewed since the data is based on people's interpretations. The project 
group has assigned values to the specifications which run the risk of causing misinterpretations. 
However, most of the reliability of the data collected can be entrusted in the senior role and 
experience of the professionals interviewed. The complete validity and reliability of the 
collected data can only be confirmed through a study with an increased number of interviewees 
to better notice trends in collected data. The necessary resources to accomplish such data 
validity and reliability are not possible in this study due to time and lack of large-scale resources. 
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4 Implementation and Results 

4.1 What are the design requirements to create an adjustable device 
that is customizable for the exoskeleton application? 

4.1.1 Requirement Specification 

 
Table 3: Requirement Specification Table. 

13 requirement specifications were created from the interviews. The requirement specifications 
were created in cooperation with the project owner. The requirement specification was later 
modified from the interviews with the field test operatives. Also, for each specification a 
weighted number was added to prioritize the specification. This priority helped create the 
MoSCoW table.  

4.1.2 MoSCoW 

Table 4: MoSCoW. 

The MoSCoW model shows that the level of importance of the project is to create a mechanically 
functional and testable prototype that has rotational adjustment for hand movement. In the 
‘could have’ section the aspect of manufacturability has been considered during the design 
process.  

4.1.3 Measurable parameters 

Table 5: Engineering specifications. 
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Engineering specifications have been used in the design process to create and improve 
conceptual designs. Also, the engineering specifications have been used throughout the 
benchmarking process. These engineering specifications set the foundation for the following 
models that create an understanding of the functions of the adjustable device. 

4.1.4 Kano Model 

Table 6: Kano Model of Adjustable Device product where the number in the grey boxes 
represents the engineering specification.  

The Kano model shows the customers' satisfaction directly related to the product's function. 
The placement of the engineering specification (1-13) is decided based on the importance results 
from the HoQ found under section 5.2.3. The Kano model helps the designer prioritize what 
product functions to focus on that will result in the highest customer satisfaction. 

In this thesis project, the project owner and the exoskeleton user are the customers of the 

project because of their level of experience and knowledge with the use of exoskeleton. The QFD 

method is the method for understanding the customers' problems and is done so in an agile 

approach through regular meetings. In other words, while all the steps of the method are 

followed, they are not executed in exact chronological order. 

 

4.2 Out of benchmarking for similar adjustment device products, what 
are some key features and benefits with designs from available 
solutions on the world market? 

4.2.1 Competitive Benchmarking 

Product: Herowear Apex 2 

 

Figure 7: Herowear Apex 2 with the adjustable device on the left [16]. 
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Product Description: The Apex 2 exoskeleton has an adjustable device that contracts and 
expands with the user’s movements. Its purpose is to reduce back injury while conducting 
uncomfortable work movements, such as bending over or squatting. The adjustable device 
system has a spring system that works together with a metal wire. These components work 
together with an elastic band and plastic clips to create mechanical and supportive movement 
in the design. 

Adjustable Device Evaluation: the locking and unlocking switch is in an accessible area. The 
design of the product presents challenges in achieving a secure fit around the leg, leading to a 
loose adjustment. The locking mechanism on the shoulder strap allows for the adjustment of 
the device located on the back. The functionality of the design is simple. 

 

Product: Hilti EXO 

 

Figure 8: Hilti EXO with the adjustable device underneath the plastic enclosed [17] 

Product Description: The Hilti exoskeleton is developed to help reduce pain in the neck and 
shoulders. It is developed to be used when doing industrial work on a ceiling for long periods 
of time. The exoskeleton had an adjustable device that uses bands and wire in a pulley system. 
The system also incorporates plastic clips to make the adjustment possible.  

Adjustable Device Evaluation: The many components to the adjustability mechanisms 
contributed to difficulty in adjusting the exoskeleton to suit individual users. The location of 
the adjustment components is located on the back, requiring the removal of the exoskeleton for 
adjusting the exoskeleton.  

 

Product: Hapo back 

 

Figure 9: Hapo back [18] 
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Product Description: The Hapo Back exoskeleton is designed to reduce back pain. The design 
uses fiberglass rods that attach to leg fittings and the chest area. The adjustable device on this 
is the bands looped into the plastic clip. The band is adjustable by pulling on the band to tighten. 
The design also uses Velcro to keep the excess band material from hanging loose.  

Adjustable Device Evaluation: The harness has many straps which complicate the adjustment 
process. The shoulder straps lay against the neck causing uncomfortable friction in the area 
during movement. Desired to have greater adjustability capacity for the fiberglass rod. 

4.2.2 Benchmarking 

Table 7: Benchmarking diagram that is relating the researched exoskeletons to the 
requirement specification. 
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4.2.3 House of Quality 

 
Table 8: The house of quality for the design of Adjustable Device. 

The 13 requirement specifications are compared against 12 engineering specifications. The 
harness engineering specification is excluded because of the Husqvarna harness not being in 
the benchmarking analysis. The HoQ does not only present the design requirements but also 
shows which design requirements are most important to the customer. Also, knowing the most 
important engineering specifications helps to design an adjustable device suited to its user.  For 
an exoskeleton to be suited to its user the product needs to consider the importance value from 
the HoQ in the design. 
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4.3 How can the design of the adjustable device be optimized to 
meet the requirements from question 1 and incorporate 
design considerations from question 2? 

4.3.1 Brainstorming 

During the brainstorming, different ideas and information were gathered from the weekly 
meeting with the product owner and meetings with the supervisor from the university. Out of 
these discussions the understanding of what problem to solve, in addition to documenting 
ideas, was the focus for the brainstorming method. From the many illustrations created an 
example of a discussion was the desired size of the grasping component of the adjustable device.  
Size options for the grasp component of the adjustable device, visible in appendix 1.  

4.3.2 Analogies in Design 

Inspiration has been taken from existing product designs. Concept 1 has inspiration from the 
internal mechanical structure of the adjustment device found on the Husqvarna helmet, 
depicted in figure 1. Concept 2 has been inspired by a ratchet wrench because the ratchet 
wrench is designed to handle large loads. 

Concept 3 was inspired by the mechanical design of a coffee dispenser. The coffee dispenser has 
internal mechanics that act as incremental steps to dispense ground coffee, enough for one cup 
of coffee. However, each incremental step has a click function which is part of the requirement 
specification for the adjustable device. Concept 4 was inspired by a tube of caviar. When the 
tube is running low on caviar there is a tool that is used to roll up the tube to push the remaining 
caviar out of the tube. This roll up function is the foundation of Concept 4.   

4.3.3 Morphology 

As noted in section 4.2 Product breakdown, the morphology method was used to create 
different design ideas for each of the three design areas (subfunction). The design ideas for the 
different areas are found in the Table below. Each of the subgroups relates to one of the design 
areas described under Product Breakdown. The Grasping mechanism is the grasping knob 
design area (letter A). The attachment mechanism is the design area that will attach the 
adjustable device to the harness (letter C). Lastly, the internal mechanism is the internal design 
area, indicated by the letter B in figure 4.  

Concept 1: Grasping option 5, Attachment function option 2, Internal mechanism option 1 

Concept 2: Grasping option 3, Attachment function option 1, Internal mechanism option 3 

Concept 3: Grasping option 4, Attachment function option 2, Internal mechanism option 4 

Concept 4: Grasping option 5, Attachment function option 5, Internal mechanism option 3 

Table 9: Morphology table.  
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4.4 What are some physical prototype design suggestions for the 
adjustable device? 

4.4.1 Concepts 

Concept 1 

CAD Drawing Exploded CAD Drawing 

 

 

Figure 10: Visual 3D CAD drawings of Concept 1. 

This first concept is a 4-component design that has a gear-based adjustment device. A similar 
design is found in the internal mechanism of the adjustable device of the Husqvarna helmet. 
The grasping component has a larger diameter, allowing for ergonomic purposes. It is a design 
that allows for easy rotational adjustment.  

Concept 2 

CAD Drawing Exploded view CAD Drawing 

 

 

Figure 11: Visual 3D CAD drawings of Concept 2. 

The design of concept 2 is based on the design from an adjustable ratchet wrench. The internal 
mechanism is meant to hold a wire or string that coils up by turning the grasping knob on top 
of the design. The hole on top is making room for a switch that was to act as a clutch when 
wanting to undo the tension in the internal mechanism. The hole on the side is for the exit or 
the entrance of the wire/string. 
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Concept 3 

CAD Drawing Exploded view CAD Drawing 

 

 

Figure 12: Visual 3D CAD drawings of Concept 3. 

This design was inspired by a coffee dispenser. The dispenser has an internal gear design where 
two mirrored triangles meet for locking purposes. The design has a locking slot where the 
gasping knob fits into the body of the design. For the adjustment steel wire is used.  

Concept 4 

CAD Drawing Exploded view CAD Drawing 

 
 

Figure 13: Visual 3D CAD drawing of Concept 4. 

Concept four was inspired by a rolled-up caviar tube. The design uses the straps that are already 
placed on the exoskeleton to roll them up in the body of the adjustment device.  The challenge 
with this design is creating a robust design that meets the design requirements. 

4.4.2 Interviews 

The project group held regular meetings with the project owner to guide the development of the 

adjustable device. During these meetings, the project owner provided suggestions, which the 

group incorporated into design improvements for the following meeting. These meetings also 

served as checkpoints to ensure the project stayed on track with the timeline. 

The interviewed individuals have been assigned the titles Person A-D out of respect for the 
individuals to remain anonymous. Also, the interviewed individuals work in one 
of two interviewed teams at Husqvarna, below is a definition of what the teams 
do. 

Advanced Development: The Advanced Development team specializes in early-stage 
innovation, focusing on the technical and electrical aspects of future product 
concepts. Their role involves innovating new ideas along with product 
development. Also, ensuring that new ideas are technically viable and aligned 
with strategic goals. 
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Quality Assurance: The Quality Assurance team is responsible for verifying that products meet 
Husqvarna’s rigorous quality and safety standards. They conduct detailed 
testing on current and upcoming products to ensure reliability, compliance, and 
customer satisfaction. 

Below is a list of the interviewed individuals.  

Project Owner: Technical Expert within Husqvarna’s Advanced Development team. 

Person A: Senior Field Tester within Husqvarna’s Quality Assurance team. 

Person B: Lead Ergonomics Specialist within Husqvarna’s Advanced Development team. 

Person C: Harness Specialist within Husqvarna’ Quality Assurance team. 

Person D: Ph D in ergonomics professor at Jönköping University. 

 

Table 10: Concept design interviews. 
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4.4.3 Pugh Matrix 

Interviews were conducted to choose the most fitted concept according to the requirement 
specifications. For the evaluation of the four concepts a Husqvarna harness was used to 
accurately evaluate the different concepts, as shown below. 

  
Figure 14: Showing three concepts mounted on the Husqvarna harness for evaluation during 
interviews. 

Concept 2 was not attached to the harness because of the complexity of the design and the lack 
of harness compatibility. The design concept was difficult to mount on the harness. The physical 
printout of Concept 2 was brought along during the interviews but not mounted on the harness. 

 
Table 11: Pughs Matrix.  

After the Concept Design Interviews, a Pughs matrix was created to evaluate which design 
concept to continue to develop. The chosen design was concept 4 with the second concept 3 only 
being 13 points away. The shown pughs matrix was the second time doing the evaluation. A 
second try was necessary due to the first evaluation resulting in a tie between the 3rd and 4th 
concept. After reevaluating the interview responses, four more criteria were added (criteria 13-
16). These new criteria helped to break the tie between the two concepts the second time.  
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4.4.4 Generate Product 

 

Figure 15: Physical conceptual prototype of Concept 4. 

After concept 4 was chosen the other concepts were removed from the harness, figure 14. Since 
a physical prototype had already been created, the generating product step had already been 
completed. Therefore, generating the product just involves improving the harness and 
reprinting more physical concept model. 

4.4.5 Evaluate Product 

4.4.5.1 Developing Click Function 

Further interviews were conducted to evaluate the product. The interviews were conducted with 
the project owner, the exoskeleton users and the PhD in ergonomics at Jonkoping University. 
The design function was discussed during all meetings. The desired improvements were to 
implement a click function and make the grasping component more comfortable for the hand 
with gloves on. Also, there was a desire to implement a fastener mechanism (as mentioned in 
letter C in figure 4).  

Table 12: interviews for evaluating concept 4. 
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4.4.5.2 Improving durability design of attachment to harness 

Table 13: Interviews for evaluation of improving durability design of attachment to harness.  

4.4.5.3 Improving click function 

During the weekly meeting with the project owner on April 4th an improvement in the click 
functionality was discussed. The desired design improvement was to have a locking function in 
one direction while having an adjustment in the other direction.  

4.4.5.4 Designing unlocking function 

At the same weekly meeting with the project owner on April 4th a design on unlocking function 
was to be implemented. Since the adjustment device has a locking function there has to be a 
function that allows for the unlocking of the click function. The purpose of the unlocking 
function is to release the rolled-up strap. 

4.4.6 Refine Product 

4.4.6.1 Developing Click Function 

CAD Drawing Exploded View CAD Drawing 

  

Figure 16: Visual 3D CAD drawings of developing click function. 

In the above CAD drawing design improvements from the interviews have been implemented. 
The Exploded view shows the small, flattened, circular component that is the click function. 
This together with a gear design on the grasping component creates a click function. Also, the 
horizontal length of the grasping component has been increased to make the grasping 
component more comfortable to adjust when using gloves. The thickened part of the outside is 
a clip that is used to latch on to another piece of fabric string to allow the adjustable device to 
attach to the harness.  
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Figure 17: Refined Physical Prototype of Concept 4.  

4.4.6.2 Improving durability design of attachment to harness 

CAD Drawing  Exploded View CAD Drawing 

  

Figure 18: Visual 3D CAD drawings of improving durability design of attachment to harness. 

The problem with the thickened part of a clip was that it was not durable enough to hold itself 
to the harness. This problem has been solved by redesigning the outside body so that it allows 
the attachment of the adjustment device with two rivets. This design allows the exoskeleton 
user to adjust the tension with one hand. 

 

Figure 19: Physical prototype of improving durability design of attachment to harness. 
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4.4.6.3 Improving click function 

CAD Drawing  CAD Drawing Exploded View 

 

 

Figure 20: Visual 3D CAD drawings of improving click function. 

The improvement in click function created the function of locking in one rotational direction 
while clicking in the other rotational direction.  

 

 

 

 

 

4.4.6.4 Designing unlocking function 

CAD Drawing  CAD Drawing Exploded View 

  

Figure 21: Visual 3D CAD drawings of designing unlocking function. 
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The design of the unlocking function created the possibility to unlock the click function when 
turned to the lock position. This design also allowed for the removal of the screw from  a 
previous design. 

4.5 How will the adjustable device be tested regarding research 
data collected from this thesis project? 

4.5.1 Testing Procedures 

For testing the engineering specifications that scored the highest on the customer importance 
percentage on the HoQ (Table 8) will be tested. The top f5 engineering specifications will be 
tested out of the 13 available engineering specifications. The reason for this is that the top 5 
engineering specifications have an importance percentage of over 10 percent. In other words, 
these are the specifications that are of highest interest to the customer.  

The following engineering specifications are to be tested...  

1. The lock and unlock adjustment hold for 30 rotational cycles. 

2. Design withstands 227N of horizontal axial force. 

3. Rotational hand movement for adjustment. 

4. 360° rotation with locking positions at 18° increments. 

5. No more than 5 components in design. 

The testing procedure for engineering specifications 1-5 will be done as described below. 

1. The locking adjustment function will be tested by rotating the conceptual prototype 30 
times. The adjustment device will be placed on the harness and turned using one hand. 
The unlocking adjustment will be tested by first locking the adjustable device and then 
unlocking the device as one cycle. This cycle will be repeated 30 times.  

 

Figure 22: Clarification on terms locking and unlocking. 

2. To test how much force is required for the design to reach the point of fracture the 
following test was conducted. A dynamometer was secured to a solid object in one end. 
In the other end was a zip tie placed to hold the strap into place. The other end of the 
strap was secured into the adjustment device. Lastly the body of the adjustment device 
was secured to a tension strap. As the tension strap is adjusted the load on the 
adjustable device increases. The tension on the tension strap was incrementally 
increased until the point of fracture. This test was conducted twice with a 3D printed 
adjustable device with black PETG filament material at 60% infill with a square infill 
pattern.   

3. The rotational hand movement for adjusting has already been tested. This hand 
movement has been implemented into the design from the beginning of the Concept 4 
design. Also, the ergonomics of the hand movement has been tested with help of the 
interviewed persons has been already tested by the conducted interviews. These 
interviews can be found in Table 10, Table 12 and Table 13.  
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4. A test will be conducted to measure the angle at which the click function rotates. The 
reason for this test is that the customer does not want to rotate the grasping knob where 
it never clicks. If the angle is around 18°, then it would be a ‘comfortable’ rotation. If 
the angle exceeds 18° by a large margin, then the click function might have to be 
redesigned for better usability ‘comfort’, ergonomically.   

5. The number of components needed to complete the adjustable assembly on the harness 
will be counted. This includes the components needed for attaching the adjustable 
device to the harness. The more components needed the higher the production cost will 
be.  The design of the component is important to keep the costs of producing the 
adjustable device low.  As well as keeping the production of the adjustable device in line 
with sustainable practices. The lower the number of components required to produce 
the adjustable device the lower the climate impact.  

 

 

4.5.2 Testing Results 

1.  The following table shows the results of the test conducted for the engineering 
specification; The lock and unlock adjustment hold for 30 rotational cycles. 

Lock and Unlock Test 30 Cycle Test Locking 30 Cycle Test Unlocking 

Results No visible deformation. 
Locking and click function is 
in working condition after 30 
cycles.  

Visible deformation on plastic  
snaps after 30 cycles. The tip of 
the plastic snaps broke off causing 
the unlocking function to fail. This 
test was repeated twice with the 
same results. 

Table 14: Testing the lock and unlock adjustment hold for 30 rotational cycles. 

2. The following table shows the results of the test conducted for the engineering 
specification; Design withstands 227N of horizontal axial force. 

Durability Test Test 1 Test 2 

Image of Test 

  

Force before Fracture 
(N) 

100  105 
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Table 15: Testing adjustable device by applying tensile force. 

The images of the test in Table 15 show the force in Newton on the dynamometer right before 
the moment of fracture.  

 

Figure 23: showing the point of fracture of the adjustable device after Test (Table 15).  

A fracture occurred across the lower body of the adjustable device. The point of fracture 
occurred in the same area of the adjustable device for both Test 1 and Test 2.  

3. For testing the third listed engineering specification the rotational hand movement has 
been incorporated into the conceptual design. The testing has been done through the 
interviews. Since the rotational hand movement design has not been changed since the 
last section (section 4.4.6.2) the interviews for that section will be considered as the 
evaluation of the ergonomic characteristics of the design for this engineering 
specification.  
The knowledge gained from the interviews was that the grasping knob had good 
ergonomic characteristics when rotating with one hand. There was, however, an 
expression of how close to the body the rotating knob was located. It was mentioned 
that the design should be moved outward from the user to increase the distance 
between the user and the grasping knob. This would allow for more access to rotation. 

4. The angle test resulted in a click for every 90° turn. This is a large deviation from the 
18° from the engineering specification. A redesigned click function is required to 
increase the number of clicks within the 360° rotation of the grasping knob.  At 90° 
there are four clicks for every turn. This needs to increase to 20 clicks per turn to reach 
a click at every 18°. Further testing could be necessary to test the validity of this 
engineering specification.  

5. The final design did not meet the 5 components engineering requirement. The design 
required 8 components in total. It requires two rivets, two washers, an internal 
component, a grasping knob, a stopper, and the attachment component.   
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5 Analysis 

5.1 What are the Design Requirements to create the adjustable device 
that is customizable for the exoskeleton application? 

From the HoQ from Table 8, with importance percentage from the project owner, the design 
requirements are... 

1. (20%) Robust locking and unlocking design.  
2. (17%) Design withstands 227N of horizontal axial force. 
3. (16%) Rotational hand movement for adjustment. 
4. (15%) 360° rotation with locking positions at 18° increments. 
5. (7%) No more than 5 components in design. 
6. (6%) The attachment process to harness takes less than 5 minutes. 
7. (6%) Adjustment length is more than 116mm. 
8. (6%) 90° hand movement 10 times to fully adjust. 
9. (4%) Project does not take material selection into account. 
10. (2%) Visual quality inspection by product owner. 
11. (0%) Project does not take manufacturability into account. 
12. (0%) Project does not take appearance into account. 

A notable limitation is the requirement of a robust design. The engineering specification asks 
for a robust design (withstand 227 Newton force) yet the project limits the use of material. Even 
though the robustness of a product is directly linked to the quality of the material and how well 
the product is manufactured, these aspects are not considered in this project.  

Instead, it is the functional design of the locking and unlocking mechanism that should be 
robust. The design did not withstand the force of 227 Newton (Table 15). The design fractured 
at around 100 Newton. This is evidence that the functionality of the design needs improvement 
to increase the robustness of the design.  

In addition, understanding the kano model in Table 6, one can note that as the products’ 
function increases so does customer satisfaction. On the contrary, if the product fails to meet 
the desired function the customer will not be satisfied. To keep the customer satisfied and the 
excitement attributed ranked high, it is necessary to understand what product function will 
satisfy the customer.  

The competitive benchmarking revealed the simplicity in the design and function of the Apex 
2. Keeping simplicity in the adjustable device is necessary to keep the customer satisfied. 
Implementing the attachment mechanism and the internal mechanisms runs the risk of 
overcomplicating the design. This runs the risk of the design losing its functional appeal to the 
customer.  The data from HoQ (Table 8) is crucial so that the project group can better 
understand what product functions will satisfy the customer.  

The more robust and adjustable an exoskeleton is the more reliable the exoskeleton is. Since 
the exoskeleton is made to keep the user safe from injury the exoskeleton should never break. 
At least within its years of projected lifecycle. It is then understandable that robustness of the 
adjustable device contributes to the overall safety of its user.  
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5.2 Out of benchmarking for similar adjustment device products, what 
are some key features and benefits with designs from available 
solutions on the world market? 

Key feature from similar adjustment devices was simplicity. Out of all the adjustment devices 
researched on exoskeletons it was the Apex 2 that got a scored of 5 (very good’) relevance for 5 
out of the 12 engineering specifications (in HoQ, Table 8). The Apex 2 adjustable device has no 
more than 5 components and has an easy maneuverability of the adjustment. More features 
outlined under section 4.2.1 competitive benchmarking contributed to the simplicity in the 
design.  

The choice of mechanical solution for the adjustment was interesting since the solutions varied 
between the different exoskeletons. Some products used pulley systems, spring systems, plastic 
tighteners and even fiberglass as adjustment designs. There is not a solution that fits all the 
problem areas from benchmarking when it comes to the key features of the design. One 
solution-based adjustment device solves one specific problem.  

An adjustment device that is made for the application of lifting is not applicable with an 
adjustment device for a logger. A logger that uses a low-quality oil in a fuel driven handheld 
device is exposed to carbon deposits which build up on components and can cause mechanical 
components to fail. This builds up risks building up inside the mechanical components of the 
adjustable device, eventually risking mechanical failure. However, all the designs were a fit for 
its application. Upon observation, the Hilti EXO is designed for industrial applications where 
the exoskeleton is made of steel, wire and hard plastic which is suited for overhead movements. 
Whereas the Hero back and the Apex 2 are built mostly of plastic and textile which is suited for 
lifting movements. 

As for the benefits of the designs, it was the Apex 2 that stood out from the other exoskeletons. 
It is a simple design of an adjustable device that works for its application. The biggest take away 
from benchmarking was how diverse the solutions were for the mechanics of the researched 
adjustable devices. This is an indication that the market for exoskeletons is still in a phase of 
exploration for many companies.  

The benefit of many of the adjustment devices was a locking and unlocking mechanism. When 
inspecting the data in Table 8 the benchmarking reveals the Hilti EXO had a complex locking 
and unlocking mechanism compared to the Apex 2. It is worth stating once again that simplicity 
in design is often the solution that ends up satisfying the customer. 

5.3 How can the design of the adjustable device be optimized to meet 
the requirements from question 1 and incorporate design 
considerations from question 2? 

The brainstorming alone did not lead to any concepts, however, with the combined method of 
analogy and morphology methods four concepts were made. To properly test the concepts 
physical concepts were made. Evaluation of the physical conceptual designs led to identification 
of potential design flaws directly from the user, the field test operatives. These design flaws were 
later used to improve the conceptual design in the refine product stage.  

After testing, further design flaws were found in the design. These design flaws will be presented 
under the section Future Research. In the initial design phase, the most optimizing of the 
design was done through the usage of the analogies in the design method. It gave a basic 
understanding of different functions that users are most likely already familiar with. This way, 
the integration period for the user is decreased and the product becomes more user friendly. 
For instance, the assembly of the adjustable device is not efficient. The current design of the 
internal cylinder requires the user to feed the strap inside a narrow area, depicted in figure 24 
under before. Instead, an open profile area in the cylinder would make the assembly process 
more user friendly. Now, instead of feeding the strap inside a narrow gap the user simply slides 
the strap between the middle of the cylinder. This concept would need further testing given that 
the design affects the durability of the component. 
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Figure 24: Internal Cylinder design optimization. 

Furthermore, the morphology method structured different design areas of the adjustment 
device by breaking down the product into its three key functions. By combining different 
subfunctions different configurations were incorporated into the different design concepts. If 
this project is to be continued, a suggestion is to continue to use the morphology table to help 
optimize future designs of the adjustable device, available in Table 9.  

To further optimize the design in both ergonomic and mechanical perspective interviews with 
qualified professionals were conducted. The interviews can be found in Table 10. The interviews 
helped to identify design conflicts that needed resolving. As time was a limiting constraint in 
this project, it did not solve all the areas of improvements discussed during the interviews. A 
project could encompass the improvements of these areas of interest to optimize the design. 
The current design solutions can be found in figure 10- 13. 

One interesting discussion was with the ergonomics professor, Table 10, where he expressed an 
interest in the redesigning of Concept 4, where the grasping knob is moved a bit away from the 
body. This project did not take this into consideration when designing concept 4. However, it 
would be interesting to look at a more durable solution that incorporates the suggested solution 
in figure 24 and has an increased robustness around the point of fracture, displayed in figure 
23.  

5.4 What are some physical prototype design suggestions for the 
adjustable device? 

Four different concepts were created. Concept 1 design was influenced and built around the 
functionality of the previous adjustable device. It was quickly realized that the functionality of 
the previous adjustable device did not meet the application of the new adjustable device. This 
was largely due to the oversized grasping knob, which was an uncomfortable movement for the 
user, as some interviewees mentioned in Table 10. Also, the design freedom of implementing a 
click function in this design was limited, as noted in Table 11. The design also risked not being 
durable enough. Compared to concept 3 and 2, concept 1 has the advantage of functioning 
internal mechanics for the click function.  

Design concept 2 focused largely on durability in the click function. A ratchet wrench is 
specifically designed to handle large loads, making it ideal for exoskeleton application in this 
project. However, the interviewees (Table 10) disliked the complexity of the design which was 
not ideal for the exoskeleton application. Although concept 2 has the advantage of being 
compact design, unlike concept 4 which protrudes a bit much, Table 10. 

Design concept 3 focuses on the rotational functionality of the grasping knob. The functionality 
of the grasping knob was examined and gave varying opinions from the interviews, Table 10. 
As a result, the size of the grasping knob would have to increase to make room for the spooled-
up wire. Also, the increase in size would make the design too big for the application of the 
exoskeleton, around 60mm in diameter as seen in appendix 1. The increase in diameter would 
also risk compromising the ergonomics of concept 3.  

Design concept 4 focuses on simplicity in design. The design, at its beginning stage, has two 
components that attach and has an easy mechanism. The challenge was to keep the design 
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simple throughout the development phase. The adjustable device sticks out a bit from the 
exoskeleton, around 35mm from the body. This makes the design less compact than previously 
desired. Also, the circular design makes it a challenge to design a flat surface to attach the 
adjustable device onto the harness. 

5.5 How will the adjustable device be tested regarding research 
data collected from this thesis project? 

The test results of the top five house of quality engineering specifications are summarized 
below.  

Engineering Specification Test Results Reason 

1. Lock/Unlock 
function 

PASS Locking test held for 30 cycles whereas the 
unlocking did not hold for 30 cycles.  

2. Robustness Test FAIL At 227N force requirement the design fractured 
at a force of around 100N. 

3. Rotational 
movement 

PASS The design has rotational movement. 

4. Click function FAIL At the 18° click requirement the design clicked at 
every 90°. 

5. Number 
of components 

FAIL The requirement was no more than 5 
components. There were 8 components. 

Table 16: Summary of projects test results. 

 The purpose of testing the adjustable device was to evaluate the ergonomic and mechanical 
functions of the design.  

The ergonomic design was tested by interviewing experts in the field of ergonomics. The results 

of these tests revealed a comfortable design that rotates as the design was intended to do. The 

overall comfort of turning the adjustable device received positive responses. Both with and 

without gloves. However, some interviewees experienced the design of the adjustable device to 

be a bit bulky. In other words, an adjustable device that sticks out 35mm might be too much for 

customer satisfaction. Although, this is in the application of the shoulders, it could be so that 

the adjustable device could be more relevant solution to a different application.  

The mechanical aspects were tested according to the engineering specification. Out of all five 

tests only two passed. The locking test passed while the unlocking did not pass. This could be 

considered a failed score. However, the unlocking mechanism test was not easy to draw any real 

conclusions from. Therefore, because of the uncertainty in this test result the solution of the 

unlocking mechanism is recommended to be redesigned. Preferably with a solution that is not 

plastic against plastic.   

The click function is functional. Although the degrees of the test did not pass, the solution 

received a positive response from the project owner. This test did not pass because of the 

clicking intervals. Preferably there should have been more intervals between the number of 

clicks. The robustness test provides the evidence needed to conclude that the design does not 

meet the necessary robustness that will satisfy the customer, an additional redesign is required 

to pass this engineering specification.  
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5.6 Result of research 

Below is an image of the final edition of the adjustable device. The color of the filament was 
changed to fit the color of the harness.  The grasping knob is orange, while the other 
components are printed black to blend in with the harness.  

 

Figure 25: Results for the adjustable device.  
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6 Discussion and Conclusion 

6.1 Implications 

This study found that robustness and simplicity in the design of the adjustable device is the 
most important to the customer, according to the HoQ (Table 8). In addition, the study also 
found that the customers value the lock and unlock function in the top 5 priority of importance 
in HoQ. The study also found that because of the limitation of the material selection it made it 
difficult to create a design that will withstand 227N force based on the design. This is because 
the design's ability to withstand a large force is largely based upon which material is selected 
for the design. Although this gives a chance for future development in this project. 

These findings are relevant for engineers, researchers, businesses, and educators. For example, 
the knowledge gained from the HoQ can help future researchers and engineers to design a more 
robust and user-friendly product that is tied to a function that the customer needs. Also, 
creating a simple product with less than 5 components helps business keep costs low and 
material used in production is kept low while also keeping in line with sustainable practices. 
Educators can use the knowledge found as inspiration for teaching since this information is 
available for teachers and students online.  

One possible consequence of this study is that further research studies will be conducted to help 
improve the design of the adjustable device. These studies will continue the product 
development of the design, but perhaps with the focus of making the adjustable device more 
manufacturable, improve the durability of the components by studying the optimal material to 
use or to improve the overall appearance. 

6.2 Conclusion and recommendations 

As an overview, this project provides market data and a suggested solution to that market.   
More specifically, there are three main categories to conclude. The three aspects are the HoQ 
data, the mechanics of the adjustable device and the ergonomics of the adjustable device.  

The HoQ is valuable data that helps designers understand what the customer values in an 
adjustable device. This knowledge can be used in future design projects to improve the design 
of the adjustable device. The data, from the house of quality (Table 8), helps to understand the 
connection between robustness and safety for the exoskeleton user. Safety for the user is of the 
most importance. This does not allow for any doubt about the durability of the design. 
Therefore, there is zero tolerance, from the project group, for a design that does not pass the 
tests when testing the most important engineering specifications to the customer. To conclude, 
with the HoQ data the tests for the adjustable device must be passed to comply with the project 
groups zero tolerance.   

Also, according to the Kano Model (Table 6) the two engineering specifications that result in 

the most satisfied customer is a design that holds large loads and has a functioning lock/unlock 

mechanism.  The adjustable device design does not hold large loads. A large load is 227N and 

the design only holds for 100N (Table 15) before fracture. To conclude, the mechanism of the 

adjustable device, the locking and unlocking function is not fully developed, but does have 

potential with further development. The customer wants a robust design that does not break 

and functions over its projected lifecycle, long-term testing is recommended for more reliable 

data. 

As for the ergonomics of the adjustable device, the design of the grasping knob is recommended 

to leave it unchanged. The feedback received from the ergonomics of the grasping knob was 

positive. However, it is recommended to investigate testing the distance between the adjustable 

device and the exoskeleton user, as mentioned in the interview with Person D for Concept 4 in 

Table 10. The overall result of this project is a product that is simple, has the potential for low 

manufacturing costs, and doesn't require the redesign of the harness.  
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6.3 Future research 

The following recommendations aim to optimize the design of the adjustable device, with a 
focus on improving overall functionality. There is potential to reduce production costs and 
minimize the number of components required, while still meeting customer requirements and 
expectations. Section 6.3.1 through 6.3.4 are recommended improvements for future research. 

6.3.1 Locking Pin  

 

Figure 26: Image of the locking in concept. 

To further refine the locking pin concept, it is recommended to add a groove or notch to give 
space for the pin to move when the adjustable device is assembled. Additionally, selecting 
durable material should be explored to ensure a robust and reliable design, as illustrated in 
Figure 26. Various pin geometries, such as round, cylindrical, or rectangular shapes, may be 
evaluated. The primary objective is to determine the appropriate dimensions that allow the 
unlocking mechanism to function without failure. 

6.3.2 Clip Lock 

 

Figure 27: Image of the clip lock function. 

The implementation of a clip lock mechanism was explored. However, the different tested 
design alternatives for the click lock function proved to be limited in its functionality and 
durability. To enhance functionality and user convenience, it is recommended to investigate 
other options than the click lock design. 

 

Figure 28: Image of the grasping knob. 
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The current design, originally developed for 3D printing, is recommended to improve the 
design's manufacturability. As the component is presently constructed as a single piece, it may 
be better to divide it into two separate components. This modification could make the design 
more manufacturable, perhaps for injection molding. 

6.3.3 Mounting Bracket 

 

Figure 29: Image of the mounting bracket.  

This attachment was designed for a durable connection between the harness and the adjustable 
device. The current design requires a greater quantity of material and includes the use of two 
rivets, two washers, and an additional rubber component to secure the adjustable device. 
Despite its complexity, the design offers the advantage of enabling one hand adjustment for 
adjusting the device's tension. It is recommended to explore alternative attachment concepts 
that prioritize improved manufacturability without compromising functionality. 

6.3.4 Stopping Peg 

 

Figure 30: Image of the stopping peg.  

The original purpose of the stopping peg was to keep the cylinder from shifting out of position. 
Ideally the stopping peg should not be needed in this design because it has the same purpose as 
the unlocking pin. It is recommended to continue testing different designs of the unlocking 
function. An untested design, but that has possibility is the locking pin design from section 
6.3.1. 
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Appendix 

[1] Exploring different size options for the grasping mechanism. 

 

 


