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Abstract

Abstract
Globe Group, a company under the brand Greenworks Tools, is one of the industry
leaders in battery-powered outdoor equipment, developing tools that deliver the
performance of a gasoline-powered tool without the hassle and emissions associated
with it. Gasoline-powered tools are still prevalent in the field of arboriculture where
arborists work daily with chainsaws while performing tree felling and pruning.
Now a new type of chainsaw is in development by Globe Group which is characterized
by its lightweight and large battery capacity, which brings extraordinary battery life.
This feature is possible by redesigning the chainsaw to support an external battery,
which is housed in a separate battery pack instead of placing the battery directly
inside the tool. The aim of the project is to adapt and design the battery pack for
arborists by using a user-centered design approach with focus on ergonomics. This is
done by having a close cooperation with the arborists during the whole project, from
pre-study to final concept evaluation, to explore and fulfill the needs of the user. By
using a wide range of research and design methods, a final concept is developed to
reach the needs of the user and company.

Keywords
User-Centered Design, Arborist, Ergonomics, Anthropometry, Battery case, QFD,
Harness
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Sammanfattning

Sammanfattning
Globe Group, som står bakom varumärket Greenworks Tools, är branschledande inom
batteridriven utomhusutrustning och levererar verktyg med samma prestandanivå
som hos ett bensindrivet verktyg, fast utan utsläpp och krångel som det typiskt är
förknippat med. Bensindrivna verktyg är fortfarande mycket vanliga inom
trädvårdssektorn där arborister arbetar med motorsågar dagligen vid trädfällning och
grenbeskärning.
Nu är en ny typ av motorsåg under utveckling av Globe Group som kännetecknas av
sin lätta vikt och stora batterikapacitet, vilket ger extra lång batterilivslängd. Denna
kombination är möjligt genom att ha ett externt batteri vilket är huserat i ett separat
batteripaket istället för att placera batteriet direkt in i verktyget. Projektets mål är att
anpassa och konstruera batterifickan specifikt för målgruppen arborister genom att
använda en användarcentrerad designapproach med fokus på ergonomi. Detta görs
genom ett nära samarbete med arboristerna under hela projektets gång, från förstudie
till utvärdering av resultat, för att utforska och uppfylla användarens behov. Ett slutligt
koncept är utvecklat för att tillgodose både användarens och företagets behov/krav.
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Introduction

1 Introduction
This report contains a master’s degree project on the topic of user-centered product
development. The coming chapter is an introduction to the background, purpose and
delimitations as well as the methodology that was followed.

1.1 Background
Battery-driven power tools for professional are becoming more common, and within
arboriculture this trend is no exception. A professional within arboriculture is called
an arborist and one of the most important tools for an arborist is the chainsaw, which
is used during pruning and tree-felling work. An arborist chainsaw can be either driven
by electricity (in this case a battery) or gasoline. The company Globe Group focuses on
battery driven tools for both DIY (Do-it-yourself) customers as well as landscaping
professionals, and they see an upcoming need for tools which are driven by external
batteries. The current solution for landscaping professionals that uses an electric
chainsaw, is to use a chainsaw with an in-built battery inside the tool. This current
solution makes the tool heavier for the arborist to carry in situations where flexibility
and ergonomics are of high importance, for example while cutting branches from
different angles while being up in a tree. A solution to this is to have an external battery
stored in a battery pack. This solution minimizes the weight which the user needs to
carry in his/her hand while using the chainsaw, it also greatly improve the run-time
for the tool because of the larger battery capacity and gives the tool extra power because
of the higher energy potential affected by the increased voltage in Globe Group’s larger
batteries.
By using an external battery, the problem is now to know where to place it on the
arborists body to make it as ergonomic as possible. Ergonomics is of outmost
importance to minimize work-related musculoskeletal disorders among professional
workers, in this case the arborists. Globe Group wants to find the optimal placement
of the battery pack and to optimize the battery pack based of needs from professional
arborists.

1.2 Purpose and Research Questions
The project aims to answer the main question:
How does a battery pack need to be designed in order to meet the stakeholder’s
requirements and interests?
This question leads up to secondary questions like:
•
•

How can the battery pack be adapted to fulfill the requirements of the
arborist?
What are the factors that affect the ergonomics of a battery pack for an
arborist?

The research objective is to improve the ergonomics of the battery pack that is currently
available from Globe Group and to make it more suitable for arborists based on
research like opinions and ergonomic data from the user as well as input from the
company.
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1.3 Delimitations
The project is limited to the European market since this increases the possibility of a
more user-centered process which involves real users representing the target group in
Europe, specifically Sweden. More focus will be put on the Swedish market to fit the
timeframe for the project because it encloses a more manageable target population.
Ergonomics is an essential part of this project and with no concern on cost analysis.
The project is also limited to the pack/casing, excluding redesign of electronics, an indepth choice of material and aesthetic design.

1.4 Methodology
The process of the whole project is based on French’s model which is a model that is in
its turn based on a more integrated design with feedback from stakeholder throughout
the whole design process (Cross, 2008). The main phases of the selected design process
are a pre-study, followed by the concept development phase and finally the detailing
and communication phase. The entire project including the research and design
methods is laid out using this model, see Figure 1.

Figure 1: An overview of the design methods that will be used through the whole project
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2 Theoretical Background
The theoretical background contains an introduction to the main subjects, design
process, design methods and other key topics covered in this thesis project.

2.1 The User-Centered Design Process
Lately, the design attitude has shifted from designing for the users to designing with
the users (Sanders & Frascara, 2002). In the user centered design process the focus is
on the object that is being designed while looking for ways to ensure that it fulfills the
needs of the user. With a user-centered design approach, new ways of thinking, feeling
and working is required. According to Norman (2013), the human (user) centered
design approach is usually carried out using four methods: observation, idea
generation, prototyping and testing, which is iterated until a satisfying solution is
found.
The product needs to be adapted to the human both physically and mentally as well as
how it affects the human in the long term. To make the product development process
effective and goal-oriented, the work needs to focus on a target group, which is
sometimes not the same as the one purchasing the product (Österlin, 2011). An
example of this is the purchasing manager who buys office furniture for the staff at
their company or the parent who buys a toy for their child.

2.2 The Battery
The battery pack that is to be developed is required to be able to carry and be fully
compatible with one standardized 82-volt 3 ampere hour battery developed by Globe
Group. There are two different sizes (outer dimensions) when it comes to this type of
battery, which is a lighter version with a plastic casing weighing less than 2 kilograms
and a slight larger heavier version with aluminum and magnesium components
weighting closer to 2.5 kilograms. The electrical input, which is needed to be able to
connect the battery to the battery pack needs to be identical to the charger pins. The
batteries and the charger can be seen on Figure 2.

Figure 2: An example of compatible batteries (to the left) and the charger (to the right)
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2.2.1 Safety
When discussing battery safety, it is important to understand that batteries contain
both the oxidizer (cathode) and fuel (anode) in a sealed container, once the chemical
reaction is started it will likely proceed until completion. Doughty and Roth (2012)
means that battery safety needs to be addressed at pack, module and at even cell level,
because a failure at a lower level can rapidly escalate to vastly more severe failure at a
higher level, which can result in a complete destruction of all components the full
battery system. Battery safety depends on a range of different parameters and
approaches that enhances the safety are done by: (a) reducing the probability of an
event of failure and (b) by lessening the severity of the outcome (Doughty & Roth,
2012). Thermal stability is most likely one of the most important parameters that
determines the safety of Li-ion batteries.
Typical failures that can occur with Lithium Ion Batteries (LiNi) are:
Physical damage which includes puncture, crush, vibration and shock has the
possibility of creating internal short circuit within the cell or battery pack.
Thermal abuse where heat generation within the battery is response to abusive tests
can make failures more hazardous, for example in a short circuit because of Joule
heating until the cell begins to produce heat, overcharge can also cause this reaction
due to heat generated within the cell due to oxidative chemical reactions. An internal
short circuit is one of the most difficult failures to defend against, especially with cells
with flammable constituents which potentially can start secondary fires (Doughty &
Roth, 2012).
Use and handling advice (EH&S, 2018):
•
•
•
•
•
•

Keep batteries from conductive materials, water, strong oxidizers and acids
No exposure to direct sunlight as well as hot surfaces/locations
Inspect battery before use for potential damage
Allow cooling time, especially after charging the battery because of the
generated heat
Consider a cell case which allows ventilation and protective shielding for the
battery
If an emergency occurs, it is advised to remove the battery from the
equipment/device (if possible) and if a fire occurs a CO2 or dry chemical fire
extinguisher needs to be used.

2.3 Ergonomics
Ergonomics is an applied science concerned with designing and arranging things
people use so that the people and things interact most efficiently and safely, also called
body mechanics. When applying ergonomics into the design there are five main factors
to consider (Bridger, 2009). These are:
1.
2.
3.
4.
5.

The applied force or load to the human body
The used posture
Repetition of tasks
Duration of the task
Stress or anxiety.
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2.3.1 Anthropometry
Anthropometry is the study of the measurement of the human body, which includes
the dimensions of muscle, bone and adipose (fat) tissue. For the project the
anthropometric database by Hanson et al. (2008) is used, which is based on
information from the Swedish workforce aged 18-65 on measurements from a total 367
subjects and PeopleSize (Open Ergonomics Limited, 1993-2009) which consists of a
user group between the age of 18-64 representing a German population.
2.3.2 Percentiles
There is no possibility to design something to fit everyone because there is no average
person since the diversity of the human body is too large. The extremes are in the ends
of the normal curve and it is too hard to adapt a product to these measures, see Figure
3. If too broad percentiles are used, it can affect both cost and time of the project
(Norman, 2013).
This study aims to examine a widespread range of users to allow as many people as
possible to be able to use the product. Extreme percentiles will be explored on certain
measurements, like vertical measurements (height, spinal length.etc.) to follow the
requirements from the company to fit users between the height of 1550-1950
millimeter, reaching close to the 1st – 99th percentile of Europeans.

Figure 3: A normal distribution curve containing commonly used percentiles

2.3.3 Biomechanics
Biomechanics has been defined as the study of the movement of living things using the
science of mechanics (Hatze, 1974). This includes how bones, muscles, tendons and
ligaments work together to produce movement. In the project the biomechanical
models of the chosen concept(s) with be explored and defined.

2.4 The Arborist
An arborist is an individual engaged in the profession of arboriculture, which is defined
as “the art, science, technology and business of utility, commercial, municipal and
governmental planting, removing and caring for wood plants” (European
Arboricultural Council & Patzer-Verlag GmbH et Co. KG, 2016). The most common
type of work for an arborist are pruning and trimming which is necessary to maintain
a mature tree in good health, safe and an attractive condition by cutting its branches,
and tree felling, which is done to remove any unwanted or dead trees. See Figure 4,
which shows a limb cutting/tree-felling operation done by climbing arborist and his
assistant. Other duties and responsibilities an arborist have are tree planting, stump
removal, landscaping and other groundsman duties (Arborist Safe Work Practices
Committee, 2011). The project is mainly focusing on climbing arborists operating
chainsaws.
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Figure 4: A climbing arborist with his assistant on site during a tree felling operation

2.4.1 Women in Arboriculture
Historically arboriculture has been a work dominated by men, in modern days this
trend is slowly changing (Premier Tree Surgeons, 2017). According to Premier Tree
Surgeons (2017) the chainsaw personal protective equipment, clothing and climbing
equipment is almost without exception designed to fit the male anatomy, and not the
hips or body sizes of women. Some equipment like harnesses are adjustable to the
degree that women can comfortably use them. The project will be considering both
male and female anthropometries during the design process.

2.5 Climbing Techniques
The climbing technique is seen to be an important factor when it comes to the choice
of equipment that the arborist uses, and it has to be considered when developing any
new equipment that has the potential to interfere with the climbing equipment.
According to the Arborist Safe Work Practices Committee (2011) there are five
common methods of ascending trees:
1. The Belay Technique resembles rock climbing and utilizes a worker on the
ground for assistance by securing the climbing arborist to an anchor point on
the ground
2. The Secured Foot Locking Technique replaces the need to have a belay
person that controls the tension of the rope by securing him/herself using a
friction hitch on the climbing rope
3. Secured Body Thrust Technique, which is a technique were the arborist is
self-belaying
4. Ascend with spurs, also called tree spikes, which is only used when ascending
a tree that is destined for removal.
5. Ascend a tree is by using a ladder.
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Figure 5: Ascending techniques, from left to right: 1. Belay, 2. Secured Foot locking, 3. Secured
Body Thrust, 4. Spurs and 5. Single Rope (Arborist Safe Work Practices Committee, 2011)

In recent years a climbing technique called The Single Rope Technique (SRT) have
increased in popularity, from being the preferred method with recreational tree
climbers and now with professional tree climbers as well (Jepson, 2006). It is done by
climbing a single line and is especially usable when the climb is long. Many of the
descending and working limitations with the Secured Foot Locking technique
applies to SRT as well because of their many similarities (Jepson, 2006). The climbing
techniques are shown on Figure 5.

2.6 The Chainsaw
The type of chainsaw that is typically used by a climbing arborist is a top handle saw.
A top handle chainsaw offers the ability to work with just one hand, due to the
placement of the handle on the top, instead of the rear like most other chainsaws. This
design ease of use and flexibility. The chainsaw currently in development by Globe
Group, is powered only by an external battery. Between the battery and chainsaw, a
wire is needed to carry the electric current for power. A top handle chainsaw
Greenworks Tools GS 110 (by Globe Group) that is currently available on the market
(using in-built battery) is examined and tested in the project along with a cable which
can be seen on Figure 6.

Figure 6: Top-handle chainsaw GS 110 (right) and the power cable (left)
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2.7 Product References
During the whole project two products are used as references, the battery support
system Cramer Ergo-Assist and Greenworks Tools Battery Holster, see Figure 7. These
references are seen as similar products on the market to the battery pack that is going
to be designed and these were used during the whole project for concept evaluation as
references for benchmarking. The Greenworks Tools Battery Holster is compatible
with the same battery used in the project.

Figure 7: The references Cramer Ergo-Assist (left) and Greenworks Tools Holster (right)

2.8 Survey Research
A survey research can be done to collect data from a population in order to find and
analyze occurrences, distributions and relations of definite variables of the population
(Williamson, 2002). Techniques such as questionnaires, interviews and observations
can be performed within a survey research to collect data from a population
(Williamson, 2002).

2.9 Interview
The interview technique can be performed in many ways, such as to gain qualitative
data in a personal contact with the interviewed person (participant). The advantage of
interviews is the guidance by the interviewer who can observe the participant. By
observing the participant during the interview, secondary information about the
participant’s point of view, environment and non-verbal communication can be used
as proof and weigh up the validity (Williamson, 2002). Interviews are in general
delivering a much more valuable data compared to self-administered questionnaires
for example, because the interviewer can explain the question in detail to dig deeper
into some topics where it is needed to be certain and to avoid misunderstanding
(Williamson, 2002).
To prepare for the interviews, a plan can be written containing all interview questions
(Wilson, 2014) and scenarios for observations. According to Wilson (2014) an
interview plan includes the following:
1.
2.
3.
4.

An introduction to the topic and purpose of the interview
Topics and questions to ask
Suggested probes and prompts
Closing comments.
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2.10 Observation
Observation is a useful technique to for understanding people's behavior and what is
going on in a setting (Williamson, 2002).
Important things to note during the observation (Williamson, 2002):
•
•
•
•

What is happening and when?
Where is it happening?
Who and how?
Why is it happening?

Things that needs to be kept in mind during evaluation of the observations:
1. Collection of the data done by video (or observations in general) potentially has
the effect of scaring people away from doing what they normally would do
which alters their behavior
2. The observer’s experience/preferences and having a smaller sample size of
people have a great impact on the results
3. External factors may have an effect of the outcome of the observation
(Williamson, 2002).
According to Martin and Bateson (1993) there are four main observation styles: ad
libitum, focal, scan and behavior. The observation style that is going to be used in this
project is the ad libitum. Ad libitum is impressionistic and non-systematic, this type of
observation may be useful when researchers are new to the situation or topic of study,
which resonates best with the project as a qualitative research technique (Kellehear,
1993). According to Kallehear (1993) once an observation style has been chosen the
researcher must decide the way to record it. This can be done continuously, periodically
or intermittently. The recording for the project is chosen to be performed in a
continuous fashion, in real time when the actions are performed by the subject.
The users were told to “think out loud” during the user study sessions to take note of
the way the users think in a situation by encouraging the user to say every action they
perform and think about while performing a task.

2.11 Study of Literature
A well-conducted study of literature supports the objective to build upon existing
knowledge and to reduce the risk of overlooking already learned lessons (Höst et al.,
2006). During the study of literature areas like ergonomics, arboriculture, battery
safety and design methodology were studied.

2.12 PNI Competitor Analysis
Getting an understanding of competitor products can provide a rich source of ideas
and it may be critical for the product design process (Ulrich & Eppinger, 2012). PNI,
which stands for positive, negative and interesting, is a simple list of the advantages,
disadvantages or interesting things about a product or concept (Österlin, 2011). This
method is used in the competitor analysis to explore and evaluate the features on
competitors’ products.
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2.13 Function Analysis
During the development of a product, it is important to figure out why the product
exists, its main purpose, the core idea and how it can be achieved (Österlin, 2011).
When using a functional analysis, a main function is set, and sub-functions are
explored based on the main function. In this case the main function may be a battery
pack. This can be roughly simplified to three separate parts that the battery pack
consists of. The different parts decided on early in the project are the battery connector,
the case around the battery for protection and a way of attaching the case to the body
of the arborist. The function analysis was done through the perspectives of the user
and product development team.

2.14 The Kano Model
A model called the kano model describes how and why the customer demands exists.
Quality has multiple meanings when it comes to customer satisfaction. In the simplest
case the customer becomes increasingly happier the higher the product reaches their
qualities, and the opposite is true if this occurs vice versa (Österlin, 2011). There also
exists fundamental properties called basic-needs which are expected to be there, but if
not, the customer will be unsatisfied with the product. Other qualities like positiveneeds makes the customer positively surprised if they exists in the product, they are
unexpressed, latent and thinkable needs. If they do not exist the customer will still be
satisfied, but if not, the customer would not be affected in a negative way (Österlin,
2011). Expectations are affected of the type of product that the customer choose to buy.
The Kano model can be seen on Figure 8.

Figure 8: The Kano Model, based on Österlin (2011)
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2.15 QFD
Quality Function Deployment (QFD) is a method of getting in touch with customers
and for using this knowledge to developing products which satisfy the customers
(Maritan, 2015). QFD was first conceived in Japan in the 1960s, which were an era
were the Japanese industry broke away after World War II when Japan moved to
product development based on originality. With QFD the customer requirements and
wishes are organized into technical data, which can be fulfilled (Ullman, 2016). This
method is carried out in eight steps which is then compiled into a House of Quality:
1.
2.
3.
4.
5.
6.
7.
8.

Identify the users/customers
Collect the user’s requirements and wishes
Understand what is important for the user
Research the competitors’ products and solutions
Develop technical specifications
Relate the technical specifications to the customer demands
Develop targets for the technical specifications
Decide the dependencies/influence between the technical specifications

An example what the House of Quality contains can be seen on Figure 9.

Figure 9: A descriptive House of Quality illustration, based on Ullman (2016)
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2.16 Brainstorming
Brainstorming is the internal search done in person or as a team by using their
creativity to generate solution concepts. According to Ulrich & Eppinger (2012) this
activity may be one of the most creative and open-ended tasks in the product
development process. The guidelines for brainstorming are to generate a lot of ideas to
explore the solution space, welcoming ideas that may first seem infeasible and to
suspend judgement where no criticism is allowed during the brainstorming session
(Ulrich & Eppinger, 2012).

2.17 Morphological Chart
The morphological analysis is a method for generating full concepts from different
criteria’s or functions which are identified (Wikberg Nilsson et al., 2015). This method
will widen the space of ideas even including unrealistic and even crazy ideas (Österlin,
2011). The functions and criteria listed in the chart are gathered from the function
analysis and ideas generated from the brainstorming sessions.

2.18 Evaluation
Methods for evaluation of concepts are used to screen generated concepts against
criteria and opinions from both the user and company.
2.18.1 Concept Screening
Concept Screening (also known as the Pugh’s decision matrix) is a method of roughly
narrowing the number of concepts quickly and to improve them (Ulrich & Eppinger,
2012). The concepts are being compared to one or several references and the criteria
are taken from the customer demands listed in the QFD and arborist research. If a
concept is better in one criterion than the reference a plus (+) is given, if it is worse a
minus (-) is given, but if the concept is equal in one criterion a zero (0) is given. When
the evaluation is performed the numbers of plus, minus and zeros of each concept are
summarized into a score. These scores then determine the rank of each concept with
the highest rank also the highest score. After this stage, the designer determines which
concepts are worth to develop, has the potential to combine or to completely exclude.
2.18.2 User Testing
" There is only one person who is entitled to have an opinion, it is the user " (Österlin,
2011). User tests can be used to get valuable feedback on mock-ups and prototypes
during the product development process. The goal from doing the user testing is to
eliminate design problems and frustrations for the end user. When eliminating design
problems and frustrations you also find out if the costumers find the product useful,
effective, efficient, satisfying and set a positive relationship between the company and
the costumer (Österlin, 2011). This method is used when evaluating competitor
products and concept prototypes in the early concept phase and the later detailing
stage of the project.

2.19 Mock-ups and Prototypes
A mock-up is a cheap, simple and quick hand-made model used to evaluate shape,
structure and functions of details or an overview of a physical product (Österlin, 2011).
In this project quick mock-ups are created of cardboard material and cloth for
evaluating ergonomics of concepts in cooperation with the users and company.
Prototypes are like mock-ups but more detailed and refined, it is similar in shape,
function and material of the intended final product (Österlin, 2011). These are created
in the detailing phase of the project.
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2.20 Styling Boards
To capture the right feeling or impression in a product, creating of mood boards /
styling boards will work as an inspiration during the design process (Wikberg Nilsson
et al., 2015). A Styling board consists of a collection of pictures which are made into a
collage, this can be done with for example competitors, functions and material.

2.21 CAD
Computer Aided Design (CAD) help the designer to generate, display, and rapidly
modify 3D-designs of a concept (Ulrich & Eppinger, 2012). A CAD model expresses the
design and shape of the as well as simplifies the communication between design and
manufacturing. In the project, CAD is mainly used to visualize different shapes, digital
human models (manikins) and to create the final design for communication and
presentation purposes. The virtual prototypes are created with SolidWorks (Dassault
Systems, 1995-2018).

2.22 Risk Analysis
A risk analysis was performed as an FMEA, which stands for Failure Modes and Effects
Analysis. FMEA is a simple analysis method to reveal possible failures and to predict
the failure effects on the system as a whole (Aven, 2008).
Each component is listed in the FMEA table and is tested for failure type, cause of
failure and failure effect. The failure type is where the problem is explained, what has
gone wrong. The cause of failure is where the cause of what can go wrong is explained
and the failure effect is the results of the failure is stated. A risk analysis was then
carried out to where the severity (SEV), likeliness of occurrence (OCC) and the
probability of detection (DET) which is ranked between 1 = low and 10 = high. After
the values are filled, they are multiplied with each other to form a new value called a
risk priority value (RPN). When the priorities have been set, the last step is to generate
appropriate corrective actions for reducing the occurrence of failure modes. A new risk
analysis is later performed to reassess the severity, probability and the likelihood of
detection for the top failure modes. This will enable the designer/team to determine
the effectiveness of the corrective actions that was taken.
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3 Method and Implementation
In the method and implementation chapter the used methods are described, and the
ways of implementation are presented. The structure of this chapter is following the
chosen methodology (shown on Figure 1) by dividing it into the design-phases: prestudy, concept and detailed concept.

3.1 Pre-Study
During the pre-study phase the methods study of literature, interviews, observations,
competitor analysis and function analysis were conducted to explore, analyze and
organize requirements.
3.1.1 QFD
In the pre-study phase the QFD is used as a framework with the steps: user
identification, finding and setting customer requirements, technical specifications and
a competitor analysis.
The User
The first step using QFD is to identify the users, including the project stakeholders. To
do this, all people that interact with the product during the whole lifecycle are
identified, see Figure 10 for a flow chart of the involved parties. The user identification
was done in cooperation with the company and the arborists through open-ended
interviews.

Figure 10: The identified users

The primary users: the arborists whom uses the battery pack for its primary
purpose, which is by having it equipped on their body while performing tree-work or
gardening.
The secondary user: A person that is in contact with the battery pack, for example
the assistant who may carry it, but can also be the seller of the product.
Side-users: the manufactures the battery pack, assemblers, distributors and delivery.
Co-user: other arborists and co-workers that may be nearby when the product is used
in its primary purpose.
The main focus was on the primary users, which are the arborists and their assistants,
but also other co-workers have been considered whom get in contact with the battery
pack in some way.
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To identify and understand all different types of interactions that occurs while using
the product an interaction analysis can be performed (Bridger, 2009). During an
interaction analysis three factors are analyzed on how they affect each other, which are
the: product, human and surrounding/environment. By doing this it becomes clearer
on which areas that needs to be investigated to identify customer requirements and
needs.
The reference products were used for this analysis:
Human → Product: Repetitive forces (fatigue), maintains (cleaning), pull, push,
bend, high force impact (like dropping).
Human → Environment: Emits heat and moist (sweat), exhales carbon dioxide,
affects the ground and tree limb with forces.
Product → Human: Risk of injury for example musculoskeletal disorders (affected
by ergonomics), heat from battery, psychological stress if lack of UX optimization etc.
Product → Environment: Material used for manufacturing can have an effect on
the environment, end of use: recycling.
Environment → Product & Human: Precipitation, humidity, temperature, UVradiation, wind, noise, tree branches etc.
Function Analysis
The different parts decided on early in the project are the battery connector, a case
around the battery for protection and a way of attaching the case to the body. This can
be roughly simplified to three separate parts that the battery pack consists of. A
function analysis was made for the user and product development, see Table 1.
Table 1: Function analysis for the user and product development
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3.1.2 Identify Customer Needs
The interview were chosen to be semi-structured which means that there are questions
that are pre-planned questions that are asked, but if the respondent, for example,
switch to another subject where will be asked follow-up questions to give the
conversation a natural and a more casual flow. This form of interviewing aims to make
the interviewee relaxed to bring forth more latent customer needs (Kylén, 2004).
Observations are important to get a new perspective of a situation, compared to
interviews which only reflects the respondents point of view which only shows what
they think is the most interesting or important (Kylén, 2004).
To prepare before the interviews, a list of questions was put together based on the
information which were to be gathered. A sample of the questions can be seen below
(the full question sheet can be seen on Appendix A):
•
•
•
•

What equipment are used when doing arborist work?
How are the routines/equipment changing based on different seasons?
Are you using an electric chainsaw, or have you ever used one before? What is
your opinion on this product?
How long are you up in the tree during each work session?
…

These interview and observation sessions were performed in an arborist environment
during a regular workday were the arborists worked with pruning and tree felling. Two
separate arborist companies participated in the project, they are two independent
companies with no contact with each other and situated roughly 120 kilometers apart.
The interviews were performed with 4 arborists (during a day of work) and an
observation of the arborists were done afterwards. The same interview questions were
asked in a separate interview with an arborist from a different company in an office
environment with no observation follow-up afterwards during the same session. The
observations were performed a few days afterwards. The goal of these sessions was to
know more about a typical day of work for an arborist, observe the process and explore
the equipment they use.
During the ascent (the process and preparations of climbing a tree) the arborists were
asked to “think out loud” of their every action so the process can be understood and
documented by the interviewer. The techniques that were observed used by the
arborists were The Belay Technique (used by one arborist) and The Secured Foot
Locking Technique (used by the other four arborists). These climbing techniques were
noted because they have an effect of the choice of arborist equipment.
3.1.3 Arborist Equipment
The equipment that arborists use in their work are explored and their functions are
examined. This was done during the user observations taking note of what equipment
were used and after the observations asking about the functions of every piece
equipment. The purpose of exploring other equipment is to take the equipment in
consideration when developing other equipment like the battery pack.
Chainsaw
This is a piece of equipment that was early on known to have an impact of the overall
design of the battery pack that is going to be designed. None of the arborists were using
any electric chainsaw although an electric chainsaw by Globe Group (Greenworks
Tools GS 110) were given to the arborists to let them get a feeling of the overall
performance of the chainsaw.
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The chainsaws Husqvarna T540 XP and Stihl M5201TC were used by the interviewed
subjects, see Figure 11. They are specifically known as top handled chainsaws because
of its top handled design and are powered by a combustion engine, fueled by gasoline.

Figure 11: The two chainsaw models used by the arborists

Hand Saw
Arborists rely on hand saws for tree trimming work, like for pruning, to control the
growth, health and ultimately the safety of the tree. By pruning a tree specific branches
are removed or stems, which benefits the whole tree. The most commonly used hand
saw brand by the interviewed subjects were the saws by Silky, most commonly the
Zubat 330 5.5 and Tsurugi 270 7.5, these can be seen on Figure 12. The first number in
the model’s name stands for the blade size (in millimeter) and the latter stand for the
teeth per 30 millimeters. The choice of hand saw model is based on the individuals’
preference and the characteristics of the pruning job that is going to be performed.

Figure 12: Pruning saws by Silky
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Climbing Harness
The harness (also called saddle in arboriculture) may be the most important part of a
climbing arborist’s kit. The harness will support the arborist when climbing the tree
and hold other equipment such as the chainsaw, hand saw and ropes. The two most
commonly used seat harness used by the interviewed arborists are the Petzl Sequoia
and Teufelberger tree Motion. Petzl Sequia is known to be lightweight, comfortable and
innovative, and Teufelberger treeMotion is seen to be one of the most customizable
tree climbing harness on the market (Wesspur, 2013). The harnesses are shown on
Figure 13.

Figure 13: Petzl Sequia and treeMotion harnesses (Wesspur, 2019)

Saw Straps
Chainsaw straps (also known as lanyards) are used as a connective rope between the
harness and the chainsaw, for safety if chainsaw is dropped. Most straps are stretchable
and there are chainsaw straps/lanyards that tears away during shock load to protect
the climber from being pulled out of the tree. All the arborists were seen using chainsaw
straps. This piece of equipment can be seen on Figure 14 being hold by one of the
arborists.

Figure 14: A chainsaw strap fastened on a Stihl chainsaw
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Chest Harness
A chest harness (also known as a “chester”) this a piece of equipment used by some
arborists and its usage depends on the choice of ascent system and technique, which is
usually the Single Rope Technique (SRT). A chest harness is mostly used as a second
life-support and the shoulder straps can be used to keep the SRT device in place as the
climber move up and the foot ascender is pulling the rope down. Figure 15 shows a
chest harness called 4SRT Chester (to the left) and a chest harness in an SRT system
used by one of the arborist subjects (to the right).

Figure 15: Chest harnesses equipped on the observed arborists

Carabiners
For a climbing arborist, carabiners (with double locking for safety) are a must in a
climbing system. A carabiner is a special type of shackle in a shape of a metal loop with
a spring-loaded gate (Whitehead, 2015). It is used to connect ropes and components,
often safety critical systems. This piece of equipment can be seen on Figure 16, attached
to the arborist’s belt.

Figure 16: Carabiners on the arborist harness belt

Clothing and Protection
The clothing that an arborist uses varies depending on the season, for example, during
colder weather a thick jacket and pants are used, and lighter clothes are used in
summer times. According to the safe work practice personal protective equipment
must be worn at all times, for instance by following the European standards for head,
hearing, eye, foot, leg and hand protection (European Arboricultural Council & PatzerVerlag GmbH et Co. KG, 2016). For safety reasons arborists are always advised to use
high visibility clothing in appropriate circumstances like for example night work and
vehicular traffic situations (Arborist Safe Work Practices Committee, 2011). From the
semi-structured interview and observation sessions with the two groups of arborists
they told that they strive to follow the regulations when it comes to protective clothing
during all seasons even though it might cause discomfort and negatively impact the
flexibility while climbing. Both companies told they use the same equipment
independent of season.
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3.1.4 Evaluate and Weight the Customer Requirements
Customer needs were collected during the interviews and discussed both individually
and in group with the arborists. To evaluate the importance of the customer needs they
are compared against each other, one by one, to be able prioritize the most important
need. To do this a weight matrix was created where the needs are compared against
each other in pairs. The most important customer need of the two was chosen. After
each evaluation matrix was filled, each chosen customer need was counted and then
ranked. This was done verbally during interviews with two arborists, one was seen as
the more experienced in arboriculture and one with less experienced, as well as an
assistant to the experienced arborist, which makes this person not an arborist. Even
though the differences in experience between the two arborists, their opinions were
given the same ranking and double (2x) the importance as the assistant arborist
because the arborists opinions were judged to reflect the customer requirements to a
higher degree. This matrix/table can be seen on Table 2.
Table 2: The scoring matrix of QFD customer requirement weights

3.1.5 Technical Specifications
To fulfill the identified customer requirements, technical solutions were explored to
solve the customer requirements. For example, by making the battery pack more
adaptable to the body by giving the possibility to having a belt attached to the pack and
it adjustable for the body around the waist (common on backpacks), or by having
elastic straps adjusting to the body by tension. To come up with some of these ideas,
this was discussed with designers at Globe Group and two arborists during the
interviews. The technical specifications can be seen on in the House of Quality matrix
on Table 3 (the full version is seen on Appendix B).
To the left of the matrix the customer requirements (with weights) are filled in rows
and on the top the technical specifications are filled in columns. These are describing
how the customer requirements can be fulfilled technically.
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Table 3: The House of Quality Matrix

In the roof of the House of Quality correlations, both positive and negative, are set
between the functional requirements, see Table 4. If no correlation were found the
connecting square is left blank.
Table 4: The roof on the House of Quality

3.1.6 Relationships Between Functional and Customer Requirements
The relationships between the functional and customer requirements are analyzed and
target values are set for the technical requirements. A completely filled matrix gives a
result showing which technical requirements are the most important to meet to reach
high customer satisfaction.
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3.1.7 Competitor Analysis - PNI
In the 4th step in the QFD a competitor analysis was performed. This analysis was
performed as the last step of the QFD process to minimize the concept generation
phase of the project to be influenced by competitor products as a factor that inhibits
the creative ideas. The criterion for defining a product as a “competitor” is that should
have a functionality to carry an external battery made for outdoor use, not specifically
made for arborists, which widens the number of competitors. No direct competitor was
found when it comes to batteries packs in the same size and capacity as the battery
used in this project while being niched towards arborists specifically, except the battery
holster reference made by Greenworks Tools (Globe Group).
The competitors Greenworks Tools Battery Holster and Cramer Ergo-Assist which
were ranked in the QFD were tested by the arborists in a brief user test in the end of
the interview sessions and a discussion about the customer ranks were done in
cooperation with them. The Arvipo PS100 were tested and discussed briefly with the
supervisor at Globe Group. Stihl Holster Pro was shown to the arborists on pictures,
because this product was not available for testing. The Stihl Holster was seen as
extremely similar to the Greenworks Tools Battery Holster, except the lack of “pillows”
which are present on the backside of the Greenworks Tools Holster. The battery used
with the competitors were not taken into consideration in the competitors rankings
because they use batteries of different types and sizes, instead the way of attaching the
battery pack to the body was the main focus. The competitor PNI table can be seen on
Table 5.
In the QFD the competitors are then scored against the criteria, which are the customer
requirements, see Table 3. Because there was no possibility to test some concepts to
the competitor analysis, except those given by Globe Group, some assumption was
done when filling the values after carefully reading about the product, this was the case
for competitor 1. Those customer requirements that were not tested at all were not
filled into the competitor analysis because doing so would not be justified, proofed by
any testing.
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Table 5: The PNI Competitor Analysis
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3.1.8 Customer Requirements
The customer requirements were collected through interviews with the arborists
during the several pre-study sessions. The definitions are set and are continuously
referred to during the project to keep a uniform agreement between the arborists when
performing evaluations. Here the customer requirements are described in detail, these
are the definitions the arborists and company agree on:
Small
According to the arborists the size of the battery pack would have a significant impact
on its usability. By making it smaller, for example by minimizing the volume, it would
minimize the risk of it getting stuck in branches and improve the range of
movement/motion that the arborist needs when working in a tree.
Easy Fastening
The battery pack should be easy to fasten onto the body, which was suggested by some
arborists to have as few locking mechanisms as possible without compromising too
much on other demands.
Adaptable to Body (Flexible)
To reach the requirement that the battery pack should be adaptable to the human body.
A study of human anthropometry of people that represents the user (in the European
market for this project) must be researched.
Durable
Arborists are working outside all season with few exceptions in case of “bad” or extreme
weather a decision will usually be made to curtail work until the weather improves. If
there is little chance that the weather is clearing, and the downpours are continuous
the arborists will most likely postpone the work outside. Work on the ground that does
not require the arborist to climb trees like hedge trimming can still be carried out. A
decision will likely be made whether it is safe on the same day as the work will take
place, like if the weather is damp with light raining with a chance of clearing up, the
work will be performed as planned.
Snow may be one of the most disruptive weather conditions because if cause dangers
for climbing and it may cause problems when operating handheld tools effectively
because of the cold. Usually only emergency work is done in this condition. Strong
winds or storms are too risky for some arborist duties as well as in case of lightning
where all climbing must be stopped for health and safety reasons.
Equipment made for arborists are endurance tested for a reason, that is because some
of the equipment are subjected to carrying the full weight of the arborist and his/her
tools. To summarize, the components and materials must be durable and weather
resistant. The battery pack needs to reach an IPX4 certification for water endurance to
protect the battery from harsh weather conditions according to Globe Group.
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Safe
Climbing trees is a dangerous operation in itself, mainly because of the risk of falling
from high altitudes, but it is just one of several risks which the tree climber arborist is
exposed to (Mazzocchi et al., 2015). According to Mazzocchi et al. (2015) choosing to
climb a tree to prune (or fell) a tree instead of operating with an aerial lift, is because
it allows the arborist to move freely within the canopy to reach the target branch to
perform the pruning. In cases of felling a tree the arborist has a greater overview of the
structure of the tree, making it easier for the arborist to tie up branches or limbs when
performing rigging operations. Arboriculture is hazardous work even though there are
a wide range of equipment available that allows safe climbing and comfortable
displacement within the canopy (Julius et al., 2014). According to the Arborist Safe
Work Practices Committee (2011) all tools and equipment must be inspected prior to
use and thorough inspection on a regular basis. Equipment in a rigging system must
be incorporated with a minimum of safety factor of 5:1, which is the ratio of breaking
strength to the force to be applied (Arborist Safe Work Practices Committee, 2011).
When it comes to climbing equipment, the safety is connected to the durability of the
product, but also the risk of getting hurt from a bad design on a comfort level.
Multi-Functional
Multi-functionality is the possibility to combine with the other arborist equipment
because they may interfere with each other when attached. During a conversation with
the arborists in an open discussion, they meant that a battery pack can interfere with
other equipment if attached near the harness (where most tools are secured) or if
attached like a backpack on the back it may hinder the use of a chest harness (also
known as a “chester”), depending on the size of the back pack solution. Multifunctionality also is interpreted as being able to use the battery pack independent from
the other equipment, for example if the battery is powering other tools for groundwork
such as a leaf blower were no climbing equipment is needed.
Appearance
The appearance is giving a professional impression and following the Globe Group /
Greenworks Tools design language in terms of colors, shape, material, logo etc.
Comfortable
Mazzocchi et al. (2015) means there are ergonomics problems, due to required posture
for pruning and dismantling (tree removal) while using equipment such as the harness
as a climbing arborist. Ergonomics can mostly be simplified to a single word, comfort,
which is an important part of ergonomics. It is of high importance when working for
long days with a wearable product. Here design and material play a key role such as
the placement and weight of the battery pack.
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3.2 Requirement Specification
Here the requirements (R) and wishes (W) for the product are collected from the prestudy based of literature, company and the user, see Table 6. The ideal and marginal
values are set to each requirement. The technical requirements are categorized into
seven categories: electronics, compatibility, durability, maintenance, DFMA (Design
for Manufacture and Assembly), ergonomics and other.
Table 6: Requirement Specification
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3.3 Concept
During the concept phase idea-generation and evaluation is performed iteratively
using a range of different methods like; brainstorming, morphological chart, concept
screening and user testing. In this phase initial (simple) concepts are first generated
and evaluated, more refined and detailed concepts are later created.
3.3.1 Brainstorming
Brainstorming sessions were done at random to sketch down ideas in the forms of
function, shape, or just a description on how it is supposed to work. The ideas were
later discussed at meeting with the company and during interview sessions with the
arborists, commonly as a finishing question.
3.3.2 Morphological Chart
The ideas behind the concepts were categorized and put in a morphological matrix,
which generated six unique concepts. The combinations of the 4 categories were then
generating concepts by randomly drawing colored lines between ideas in each category,
see Table 7.
Table 7: Morphological Chart

Seven other concepts were generated outside of the morphological chart method,
which totaled in 13 unique design concepts for the initial concept phase. The concepts
can be seen on Figure 17.
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Figure 17: Concept generated in the concept generation sessions
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3.3.3 First Concept Evaluation
The initial concepts (on Figure 17) are evaluated using concept screening, prototyping
and user-testing.
Concept Screening
The criteria that had the highest weight from the QFD were set in the Concept
Screening matrix, though appearance was not taken into consideration because the
concepts were not seen as developed enough to judge on appearance. The reference
products Greenworks Tools Battery Holster and Cramer Ergo-Assist were used as
references against the generated concepts.
The concepts were rated internally using the demands and user opinions as a basis for
the selection, it was important to evaluate the concepts in as fair and objective way as
possible. The results were briefly discussed with Globe Group for development on
further details on the individual concepts. The three concepts that had the highest
scores were further developed and combined to create several new concepts. These
concepts were concept 1, 5 and 12, which can be seen on Figure 17.
The concepts with the highest scores (3 and 4) are chosen to be further developed, the
other concepts with a score higher than 0, which means they get are marginally better
than the reference concepts, are combined into one or more new concepts with more
details in mind. The complete Concept Screening can be seen on Table 8.
Table 8: The Concept Screening matrix
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Placement Study
The goal of this user test is to get input from the arborists on their preference on the
placement of the battery pack and to discuss both the advantages and disadvantages of
both positions. The references Cramer Ergo-Assist and Greenworks Tools Battery
Holster (which can be seen on Table 5 in the PNI) were brought to the test for
comments, which were later used in the PNI.
The two references were tested by the users as well as two simple mock-up prototypes
that were created, one backpack solution and one that is strapped on the leg and
harness with a carabiner lock (inspired by Concept 1). The mock-up prototypes can be
seen on Figure 18.

Figure 18: The two mock-ups tested during the user testing session

Three arborists tested the mock-up prototypes while holding an electric chainsaw
(Greenworks Tools GS 110 provided by Globe Group) having a “dummy” wire
connected to the chainsaw. The wire was attached to get the feeling that the chainsaw
is connected to a battery, even though the wire did not transfer any electricity to the
tool. Both prototypes were carrying the battery (visualized on Figure 2) that is used for
the project, giving a realistic weight to the prototypes. Comments for the prototypes
are described below when the prototypes were compared:
Back-Concept:
+Weight is distributed evenly
+Less bulky (allows for flexibility during climbing)
+Easy cable integration
-Possible back strain
-May have impact of torso (upper body) flexibility if poorly designed
Side-Concept:
+Easy to connect cable
+Easy to switch battery
-Uneven weight distribution
-Easy to get stuck during climbing because of the placement (and bulky)
When asked after the test all three arborists were preferring to equip the battery pack
on the back and told this is the ideal placement if they had to choose between the two
prototypes. As a conclusion, the reason behind the preference by all three arborists
during independent interviews is that the back placement is seen as a free spot/space
where almost no equipment is placed, and the weight is seen as more easily carried on
the top back.

30

Method and Implementation
Idea Generation
The arborists gave their ideas for how the backpack-style concept need to function. A
similar solution as Concept 8 provides is by connecting the chainsaw strap to one of
the loops on the back side of the arborist harness, see Figure 19. By doing this, the cable
to the chainsaw is integrated with the harness and backpack as well as being in the
center of the body which ease the switch of hands during a sawing operation and
prevents cable entanglement.

Figure 19: Concept 8 (left) and the harness loop shown by the arborist during the user
testing session (right)

Initial Concept Prototyping
The winning concepts from the Concept Screening were prototyped to get a feel of the
concepts hands-on. The concepts’ contours were highlighted in yellow to be able to see
the shape and straps better, see Figure 20.

Figure 20: Initial concept prototype testing
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The initial concept prototyping phase was performed in a team of two and tested by
both in the team. The criteria from the Concept Screening (containing customer
demands but excluding appearance and durability) was kept in mind during the
evaluation of the prototypes. The two prototypes were adjusted tightly against the
body. Comments about the prototypes during the evaluation session:
Concept 12:
+Close to body
+Easily adaptable with one adjustment strap for each shoulder strap
-Pressure concentrations against top of shoulder and in the armpit-area
-Tight straps, pulling the shoulders back which affects the upper body flexibility
Concept 5:
+Lightweight (because of less material)
+Easy detachable with strap buckle lock on front
-Hanging low: Speculation of this phenomenon can be the lack of friction which may
be because of the narrow shoulder straps which cause the battery to slide down on the
lower back, another factor can also be caused by the high pressure causing a slight cut
through the outer tissue on the top of the shoulders.
The insights from prototyping the concepts are noted and taken into consideration
when developing the concepts in the detailed concept phase.
3.3.4 Detailed Concepts
Detailed concepts are developed based on feedback and results from the initial concept
phase and these concepts are then evaluated in cooperation with the company.
Styling Boards
Two styling boards were compiled into the shape of collages, one for sport backpacks
and one for harnesses to find inspiration among similar functions to the concepts (5
and 12 on Figure 20) on the market. These were found through online search and the
most unique products as possible was added to the collages, see Figure 21.

Figure 21: Two styling boards compiled of chest harnesses and sport backpacks
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Second Concept Phase
In this phase the concepts from the Concept Screening are further developed into new,
more detailed concepts. New concepts with more details were created based on the
concepts that were chosen to be further developed from the Concept Screening.
Sketches of these concepts can be seen on Figure 22.

Figure 22: Concepts generated from the second phase

Meeting with Company
During a meeting with Globe Group the concepts were discussed with personnel from
different departments: industrial design, engineering and the industry supervisor.
Concepts C was less multi-functional because it would not be usable without using an
arborist saddle/harness because of the carabiner locking design that needs to be
integrated, because of this the concept is not chosen. Concept A was also dismissed
because of the thin strap design (tested as a prototype) and the lack of adjustability,
but it has potential for further development, like it can be combined with Concept B
and D to include more multi-functionality functions. During the evaluation with the
company, Concept B and D was seen to have the highest potentials and were decided
to be further developed.

3.4 Ergonomics
In this chapter anthropometries and studies on ergonomics are presented. Based on
this research, conclusions are drawn and implemented into the details of the concept
design.
Anthropometry
The measurements of interest were taken from the anthropometric databases Hanson
et.al (2009) (a journal article) and the software PeopleSize Pro (Open Ergonomics
Limited, 1993-2009) which contains European anthropometric data from both male
and female subjects, see Figure 23. The measurements were taken from the 1st to 99th
percentile based of the requirement from the company which were that the battery
pack should be able to be used by users between the height of 1550 - 1950 millimeters
which resonates best with these percentiles from the anthropometric databases. The
same percentiles were studied among females to keep their anthropometry in
consideration during the detailing of the concept. The primary use of the
anthropometric data is to know the body-size span that the final product is adjustable
to. For example, the length and width of the shoulder straps are specifically dependent
on the measurements: A, B, C and G. The waist/abdominal strap is mostly dependent
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on the waist circumference D and the vertical max length of the battery pack is driven
by measurement F.

Figure 23: A list and illustrations of the anthropometric data

The measurements between the Iliac spine and shoulder is calculated by knowing the
shoulder height and the Iliac spine height. This anthropometric measurement
represents the “free” distance to not interfere (touching) with the harness. The harness
is expected to be placed close to the iliac spine, based on observations done in the prestudy. The minimum anthropometric measurements were rounded down and the
maximum measurements were rounded up to the closest millimeter. The percentiles
for both male and female were visualized using the software Siemens Jack 8 (Siemens,
2017), see Figure 24.

Figure 24: A visualization of the range of percentiles in Jack 8 (Siemens, 2017)
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Waist Strap
According to Holewijn & Lotens (1992), to reduce the mobility loss due to backpack
load carriage, as much weight as possible must be positioned around the waist,
recommending a large padded waist belt to spread the force over a large area. By
transferring the mass to a waist belt the local physiological strain (pressure on the skin
and underlying tissue) in the shoulder region is reduced, because this area is a factor
three less sensitive to skin pressure and that the muscles in the shoulder region is no
longer needed to stabilize the mass (Holewijn & Lotens, 1992).
A waist strap is present on Concept D and the length of the waist strap is aimed to
maximize the anthropometric span. A solution for doing this is done by placing the
buckle-lock at the very end of the waist strap. By doing this, the strap can be adjustable
by from its folded length by two times (2X), see Figure 25.

Figure 25: The estimated circumferences of the waist strap

This is done by overlapping the strap by slide adjusting with a ladder lock. A ladder
lock can be seen on Figure 26. A circumference measurement span for the waist band
is set between 650 – 1100 millimeters (including the battery case width), which covers
the vast majority of users.

Figure 26: A ladder lock and a buckle attached to a strap
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Shoulder Straps
To fasten the battery pack on a person’s back, a way of fastening to keep the battery
pack in place is needed. A common way of doing this is by using straps to distribute the
weight of the thing that needs to be attached over the shoulders on the user. The
minimum measurements are chosen to be the measurements of the paddings, to
maximize the padding area without affecting any waist measurements. By doing this
the padding distributes as much stresses as much as possible, without compromising
on adjustability, because the paddings cannot be adjusted with the developed waist
strap system. Using the anthropometric measurements on Figure 23, the shoulder
strap lengths on both concepts are approximated by calculations:

Figure 27: Models of Concept B (left) and Concept D (right) for approximating the
shoulder strap/pad measurements
Concept B
The length of the strap of Concept B (see model on Figure 27 to the left) can be
calculated by:
Min →
Max → (

𝐶𝑚𝑎𝑥
2

𝐶𝑚𝑖𝑛
2

+ 𝐺𝑚𝑖𝑛 →

254

+ 𝐺𝑚𝑎𝑥 )1.1 → (

+ 157 = 312.4 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠

2

421
2

+ 392 )1.1 = 662.8 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠

10 percent (10% → x 1.1) extra length was added on the max measurement to account
for clothing and the angle between the shoulders to attachment point (because the
battery is placed on the middle of the back).
Concept D
The length of the strap of Concept D (see model on Figure 27 to the right) can be
calculated by:
Min →
Max →

𝜋∗𝐺𝑚𝑖𝑛
2
𝜋∗𝐺𝑚𝑎𝑥
2

+ 𝐹𝑚𝑖𝑛 − 𝑊𝑠𝑡𝑟𝑎𝑝 →
+ 𝐹𝑚𝑎𝑥 − 𝑊𝑠𝑡𝑟𝑎𝑝 →

𝜋∗157
2
𝜋∗392
2

+ 399 − 50 = 595.6 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠
+ 482 − 50 = 1047 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠

The waist band width is set to 50 millimeters, an approximate number for the design.
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Design and Material
In a study done by Hadid et al. (2018) different strap composites were simulated for 14
kilograms of backpack load carriage in FEM using three different strap materials a
single layer strap with an elastic modulus (E) of 0.5 MPa, a single layer strap with E =
5 MPa and a dual layer strap composites strap consisting of an inner core of E = 20
MPa as well as an outer layer of E = 0.5 MPa. As a conclusion by Hadid et al. (2018)
having an anatomically shaped shoulder strap with a stiff core and a softer outer layer
minimizes skin pressure hotspots on point A and B and ease strains from internal soft
tissues. Point A is the Trapezius and point B is the Clavicle (also known as collarbone),
see Figure 28. The study was performed on one model without a layer of clothing. The
strap with an elastic modulus of 0.5 MPa (the lowest in the study) tended to extend
which resulted in greater deformations of the underlying tissue. “The greater the elastic
modulus of the strap is, the lower are the deformations in the subclavian area” (Hadid
et al., 2018).

Figure 28: An illustration of the strap and the critical points

The study suggests that designing a strap that accommodates the anatomy of the
shoulder reduces the magnitude of skin stresses at point A (trapezius) and the strains
at point B (subclavian artery). Altering the design to this can improve the nerve
function in the shoulder and blood flow from the subclavian artery as well as
innervation to the hands and fingers (Hadid et al., 2018).
A concept generation session is performed to explore different shapes modelled on two
extreme percentile models, these are then evaluated based on their support on the
anatomy of the shoulders and functionality. This type of strap is seen only to applicable
to Concept D because Concept B is specifically designed to be tight around the
arms/shoulders for fastening and is seen to not able to be redesigned based on
anatomy. Three concepts are generated that offers support for the critical areas, see
Figure 29. Strap-concept A follows a design present in many current backpacks
identified through the styling boards (seen on Figure 21), it is seen as most similar to
the model explained by Hadid et al. (2018) crossing the critical points. Strap-concept
B offers better Trapezius and Clavicle support, theoretically. Strap-concept C offers a
similar ergonomic shape of concept B, but with a sharp angle below the critical points.

Figure 29: Three unique strap concept design shapes
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The Strap C design was chosen because of its adaptability to the anthropometries by
having a curved angle in the middle which leaves more room for the arms while
following the shoulder anatomy. The fastening of the strap into the waist band is made
easier keeping the shoulder strap/pads from twisting because of its vertical shape.
A wider spacing between the shoulders straps are chosen based on a study by Kim &
Yo (2013). In this study 14 adult males were testing two shoulder straps, one with the
width of 200 millimeters and one 300 millimeters, while walking on a treadmill for 15
minutes carrying a backpack weighing 10 kilograms. The two strap spacings are
compared on their effect on cervical muscle activity, scapular position acromion and
upper trapezius pain. The results were measured at the MPS (mid cervical paraspinal),
C4 level were EMG activity was recorded. EMG is the electrodiagnostic technique used
in medicine for recording the electrical activity in skeletal muscles (Hine & Martin,
2016). The backpack was adjusted until the positional center was placed on the middle
of the spine between T11 and T12 levels, see Figure 30 for an overview of the human
spine.

Figure 30: Overview of the spinal anatomy (Bruns & Disorbio, 2018)

The results from the study were that the two different shoulder strap spacings changed
the position of the weight support of the backpack. Walking with the backpack with
wider spaced shoulder straps lowered the muscle requirement of the cervical muscles
and the upper trapezius pain threshold as well as the scapula inferior distance was
significantly decreased compared to the narrow shoulder straps. Wide shoulder straps
may though produce scapular depression syndrome and ultimately chronic upper
trapezius pain. Another reason to give extra spacing round the neck and is to maintain
dexterity for the arborist, a complaint while testing the Cramer Ergo-Assist with its
wide and “bulky” shoulder pads. When it comes to the width of the strap, a study by
Golriz et.al (2017) tested different strap widths (5, 6, 7 & 8 millimeters), the results
from the study shows that the widest strap promoted the least amount of interface
pressure on a manikin model.
In healthy adults carrying a backpack only for a short duration of 10-45 minutes results
in a significant decrease in upper extremity sensation, which was observed regardless
of body dimensions and geometries (Hadid et al., 2018). One of the most common
injuries is called Rucksack palsy and it paralyzes the arms due to excessive pressure on
the C5 and C7 (seen on Figure 30) nerve root in the upper brachial plexus (collarbone
area) from backpack shoulder straps (Park et al., 2015).
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For the material of the strap, a way of reducing the pressure points was suggested by
Martin and Hooper (2000), whom demonstrated a reduction of skin pressure hotspots
by using mesh materials for the strap. The strap-body contact area is increased by using
plastic inserts which allows a distribution of skin pressure.
Position and Weight
Having an excessive weight will increase the load on the spine and shoulders which
may cause changes in the curvature of the spine (Son, 2013), see illustration on Figure
31. The clinical and epidemiological literature have identified a strong association
between spinal posture and the use of a backpack (Kim et al., 2008). Also if the weight
is poorly distributed on the shoulders, by carrying more weight on one side, the body
compensates by deviating the trunk on the other side to compensate and create balance
which causes an abnormal posture (Cho et al., 2013).

Figure 31: Forward lean of trunk

A study was performed by Chen & Mu (2018) with 12 participants testing three
backpacks with different weight (based on the participants body weight) and three
different backpack positions. The results from the study is that head flexion (forward
head movement) was significantly affected by the weight of the backpack and its
position. Muscle activation was not affected by the difference in backpack position.
The highest discomfort score at the neck, shoulders and waist was recorded at the
highest backpack weight (at 15% of body weight).
The conclusion of the results is that carrying a load of more than 10% of body weight
and positioning the backpack at a T12 (also known as Th12) level may be used to avoid
extreme discomfort at the body sites that were investigated. A similar conclusion was
drawn in a study by Chow et al (2005), where the critical load was recommended to be
10% of the body weight at a backpack position set at T12, this study was performed on
adolescent girls. A simulated ergonomics study (Lashway & Aqlan, 2017) showing that
critical shear and compression forces only starts occurring with a backpack weight of
above 4.5 kilograms simulating with male and female manikins between the 1 st to 95th
percentile of body measurements.
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The different backpack positions tested are seen on Figure 32. The neck and shoulder
discomfort scores increased as the backpack height increased. The higher erector
spinae activation and flattening of lumbar lordosis increases the load on the back and
therefore increases the risk for back injury (Chaffin et al., 1999).

Figure 32: Subject testing different backpack positions (Chen & Mu, 2018)

The shoulder contact pressures were found to be significantly greater when carrying a
backpack in low-back condition compared to the high back condition. The body
discomfort was highly associated with backpack positions, except the back region
where no differences were found between the three positions. When the backpacks
were located at Th7 and L3 levels (the two extremes), the highest discomfort scored
were at waist, shoulders and neck. Chen & Mu (2018) concluded that Th12 is the tradeoff backpack position because it led to less flexed upper body and less discomfort in
general.
By placing the mass of the backpack high on the back (similar to the T7 position on
Figure 32) it has a disadvantage of slower acceleration and a reduction of performance
of the upper body during a mobility test, which consisted of running three 8-shaped
laps while ducking under a crossbar (Holewijn & Lotens, 1992).
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Biomechanics
A static biomechanical model was drawn to give an insight for the design and
mechanics of the battery pack concepts, see Figure 33. Some elements of the models
are based on Pelot et al. (1998). Notations for the static biomechanical models are
listed on Table 9.

Figure 33: Static free-body diagrams of the two concepts

Calculations can be performed on forces of the static models; an example will follow:
T1, and T2 are related by the friction coefficient and the wrap angle. The pulley
equation for shoulder wrap is:
𝑇1
⁄𝑇 = 𝑒 𝜇𝑆𝛼
2

(1)

Sum of the forces in the X-direction:
𝐹𝑋 = 𝑊 ∗ sin 𝛽 + 𝑇1 ∗ cos 𝜃1 + 𝑇2 ∗ cos 𝜃2

(2)

Sum of the forces in the Z-direction:
𝐹𝑧 = 𝑊 ∗ cos 𝛽 + 𝑇1 ∗ sin 𝜃1 + 𝑇2 ∗ sin 𝜃2

(3)

Sum of the moments about the center of mass of the battery pack (applicable to
Concept D):
𝑇1
⁄𝑇 ((𝑑1 + 𝑑2 − 𝑣𝑧 ) ∗ cos 𝜃1 − 𝑣𝑥 ∗
2
(𝑣
)
sin 𝜃1 )} 𝑇2 + 𝑧 − 𝑑2 ∗ 𝐹𝑥 − 𝑣𝑥 ∗ 𝐹𝑧 = 0
(4)

{−(𝑣𝑧 − 𝑑2 ) ∗ cos 𝜃2 − (𝑣𝑥 + 𝑑3 ) ∗ sin 𝜃2 +

The T2 force can be calculated by taking (2) and (3) in (4):

𝑇2 =

𝑊∗[𝑣𝑥 ∗cos 𝛽−(𝑣2 −𝑑2 )∗sin 𝛽]
𝑇
( 1⁄𝑇 )∗𝑑1 ∗cos 𝜃1 +cos 𝜃2
2
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Table 9: Notations for the static biomechanical models
Notation
𝑇1
𝑇2
𝑇1𝑅
𝑇2𝑅
𝑇1𝐿
𝑇2𝐿
X
Z
W
𝑣𝑥 𝑣𝑧
𝑑1

𝑑2
𝑑3
𝜃1
𝜃2
𝐹𝑥
𝐹𝑍

Definition
Tension in upper shoulder straps (LHS and RHS summed)
Tension in lower shoulder straps (LIIS and RIIS summed)
Tension in the upper right shoulder strap
Tension in the lower right shoulder strap
Tension in the upper left shoulder strap
Tension in the lower left shoulder strap
Coordinate along pack depth (positive out)
Coordinate along pack height (positive up)
The force of the mass of the pack
Position of Centre of Mass
Distance: waistbelt centre to attachment point of upper
shoulder strap
Distance of waistbelt from bottom of pack
Distance: waistbelt centre to attachment point of lower
shoulder strap
Upper shoulder strap angle from pack normal
Lower shoulder strap angle from pack normal
Component of Fx normal to the lower back
Total lift force at lumbar contact point of pack

The biomechanics of the shoulder wrapping can be seen on Figure 34.

Figure 34: Shoulder Model of Concept D

Shoulder reaction forces (𝑆 𝑁 ) can be calculated from the following equations:
𝑆 𝑁 = √(𝑆𝑋𝑁 )2 + (𝑆𝑍𝑁 )2

(6)

Tension of the upper strap (Right: 𝑇1𝑅 and Left: 𝑇1𝐿 ) and lower strap (Right: 𝑇2𝑅 and
Left: 𝑇2𝐿 ):
𝑆𝑋𝑁 = 𝑇1𝑅 cos 𝜃1𝑅 + 𝑇2𝑅 cos 𝜃2𝑅 + 𝑇1𝐿 cos 𝜃1𝐿 + 𝑇2𝐿 cos 𝜃2𝐿

(7)

𝑆𝑍𝑁 = 𝑇1𝑅 sin 𝜃1𝑅 + 𝑇2𝑅 sin 𝜃2𝑅 + 𝑇1𝐿 sin 𝜃1𝐿 + 𝑇2𝐿 sin 𝜃2𝐿

(8)
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Mock-ups
The main goal of this prototyping session was to explore a design which fits all the
participants by cutting away material that is chafing on the body or cause discomfort.
Concept D is seen as more dependent on anthropometry to utilize its design
advantages, such as its wrap-around shape around the shoulders and upper waist. The
cardboard was continuously trimmed down to adjust the design to fit the body of the
participants. The cardboard was made softer by loosening up the paper to imitate
properties of cloth, like shapeability and becoming less brittle. A layer of bubble wrap
was put on the body surface to make it a softer contact. Tape was applied along the
protype to strengthen it against cracking of the cardboard.
This test was performed for exploration purposes, testing shapes based on
anthropometry and gathering feedback from students and co-workers at Globe Group
regarding the comfort and weight distribution of the design. This design and
measurements were then applied to the initial prototype of Concept D. The Final
Cardboard prototype can be seen on Figure 35.

Figure 35: Cardboard prototype
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3.4.2 Detailed Prototyping
Two detailed prototypes were sewed together with the focus on these representing the
features that Concept B and D has as much as possible.
Concept B:
This concept is focused on size and being close to body by carrying the weight around
the shoulder and chest.
Harness Integration
An idea generated by one of the arborists is to be able to connect the electrical wire to
the bottom of the battery casing, which is carried by an elastic strap which can then be
connected to the arborists harness (seen on Figure 19). In other words, the electric
cable is routed along the elastic strap to prevent entanglement and to keep the cable in
the center of the back for easy swapping of hands when working with a connected tool.

Figure 36: The backside of the battery pack Concept B

Strap Design
This concept is carried by two shoulder straps that are tightened around the arms and
an additional strap around the chest which results in having the center of mass on the
top of the back when tightened, see Figure 36.
Lid/Cover
This prototype also represents the design of the lid/cover, which is locked using a snap
buckle. The lid prototype can be seen on Figure 37.

Figure 37: The cover (prototyped on Concept B)
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Concept D:
With Concept D is the weight of the battery is distributed on the shoulders, neck and
upper waist, see Figure 38.
Waist Strap
This concept has a waist strap which works as a belt around the body. It is adjustable
to cover a wide anthropometry percentile range by sliding an adjustment buckle.
Shoulder Strap
The shoulder straps are designed to wrap around the neck to the shoulders in a curved
design. This is done to distribute the weight as much as possible while keeping the
design slim. The shoulder straps include a handle for easy carrying and hanging.

Figure 38: Prototype of Concept D

Ingress Protection Testing
According to Globe Group the battery package needs to be classified with an IPX4
certification to pass the durability criteria for the battery pack. IP certification is for
electronic equipment in demanding environments where dust, corrosive substances,
water and moisture can permeate. A good enclosure is important to decrease the risk
for an electric shock, fire and even explosion (RISE, 2008).
To test the enclosure for IPX4, the enclosure is exposed to spraying water during a
period of 10 minutes from all directions where all spray nozzles emits 0.07 l/min in
waterflow. Alternatively, splashing water for at least five minutes with a water volume
of 10 liters per minute and a pressure of 10-100 𝑘𝑁⁄𝑚2 from all directions.
According to SS-EN 60529 (SIS, 2014) acceptable conditions for IPX4 are met if no
water have permeated the enclosure in such quantity or place that the satisfactory
operation of the equipment is affected or the safety is compromised.
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Casing
After a meeting with Globe Group the casing was discussed. The requirement for the
case is that it needs to be breathable (through air vents) and water draining. A
prototype was created with a cover on top that is loosely fit around the case to allow air
into the battery casing but still protecting the battery from downpour directed from all
directions by its enfolding design. A prototype was sewed together using water cloth
material from a hiking backpack that is water resistant. The results from the first test
shows that water was indeed pouring into the casing soaking the paper towel on top.
The battery was carefully removed from the casing and the paper towels placed on the
bottom of the battery showed to be significantly dryer, only one side of the towel was
moist, no water was pooling on the bottom of the case, see Figure 39.

Figure 39: First IP-test performed

The prototype was left to dry a few days to give the second test the same prerequisites
as the previous test. A second test was done to rule out the material properties, which
are potential leakage of the cover. To imitate a truly water-resistant material plastic
wrap was fastened with paper clips around the outside of the lid and the IP test was redone with the same conditions. The lid was completely covered but still leaving the
gaps between the lid and case. The test results can be seen on Figure 40.

Figure 40: The second IP-test

The water didn’t flow through the gaps that exit under the lid and was instead
permeating through the textile material on the casing’s backside. This time
significantly less water was found inside the casing which tells that the lid design
succeeded to protect the battery from the intense water flow in the test, but also that
the cover material used in the lid prototype is indeed not water resistant.
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User Testing
A final user test session was performed, which had characteristics of being both
qualitative and quantitative to evaluate the two prototyped concepts. The test was done
on the field during tree felling operations. Three arborists in total were participating in
the user test. The schedule for the user testing session was first an introduction to the
test and then followed by individual wearing/testing of the two prototypes (in a
random order), see Figure 41. The arborists were encouraged to “think out loud” and
the spontaneous reactions from the arborists were documented. Each session ended
with a shorter interview and a general discussion was held in the end of the interview
sessions were all the participants could discuss their experiences. Neither of the
arborists had used a similar piece of equipment before the test, including electrical
arborist tools. The Interview schedule can be seen in Appendix C.

Figure 41: User testing with one of the subjects

Lid
The impressions from the 3 arborists giving their opinion of the lid on the battery pack
(only present on the Concept B). According to two (out of three) of the arborists the lid
was pleasing when it comes to ease of use and aesthetics. During a free discussion after
the user test the closing mechanism was discussed with an idea of using a Velcro strip
to lock the lid because it would make the lid more durable against hard impacts, but a
counter argument to this is that the arborists fear that sawdust easily get stuck on the
Velcro which greatly affects its performance (stickiness), more of the discussed topics
were collected in a risk analysis.
Placement of Cable Connection
The placement of the cable connection on the bottom (or bottom-right) was seen as
optimal from all the arborists perspective. In this case the arborists choose to carry the
chainsaw in their right hand, which is their dominant hand.
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Customer Requirements
The customer requirements were collected and set early in the project during the prestudy phase and listed in the QFD-matrix. After testing the two prototypes each
arborist was asked to tell which concept offered a better solution based on each
customer requirement:
Small
Concept B was seen as the smaller and lighter concept according to all arborists. The
concept consists of less material, weight and volume overall.
Adaptable to Body
Both Concepts were mentioned as having factors that affect this customer requirement,
such as the elastic chest strap (between the shoulder straps) on Concept B and the
highly adjustable waist strap on Concept D. The waist strap was discussed to be more
elastic to make it more comfortable during stress, like under heavy breathing.
Durable
During the last user test, one of the plastic shoulder strap adjustment ladder lock broke
during an adjustment test, this shows weakness in this component and shows need for
reinforcement. The overall opinion on durability was positive from the arborists,
plastic parts could though be replaced with metallic ones to endure higher stresses and
fatigue from long use.
Multi-Functional
There was not seen as any interference between the battery and harness. In the
discussion after the interviews the arborists could not think of any piece of equipment
that will interfere with any of the battery packs. Combining the battery pack with a
chest harness was though an idea that was discussed. The ability to use the elastic
harness strap present on Concept B was seen as positive and could be useful for guiding
the electrical cable.
Comfort
Something that was commonly mentioned during the user testing sessions is the
reaction to the amount of weight that the battery pack weigh. Both designs are seen to
have an impact on the range of motion, but all arborists agree that Concept D was less
straining on the shoulders and allowed more freedom of movement. During the test
performed outside, the arborists where wearing jackets.
Aesthetics
When it comes to aesthetics of the prototypes, they got similar responses on the design
of the straps, the factor that set these prototypes apart is the cover which is exclusive
for Concept B.
Safe
No specific safety concerns were recorded with the design except when it comes to
durability where Concept B showed to have a minor advantage. An FMEA was
performed with the users to analyze the risks.
Conclusions
Both prototypes had their strengths when judged in cooperation with the arborists
based on the customer requirements, which creates an incentive to combine functions
from both concepts. The Concept D was the favorite among all the interviewed
arborists when it comes to comfort, all though some changes can be made when it
comes to the shoulder padding length, which was suggested to be made shorter to be
able to adjust more firmly, as well as when it comes to waist strap material to have
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some sort of elastic property. Concept C on the other hand had two unique features, it
could be integrated into the harness for cable routing and had a cover for water
protection. Combining these features into one final concept is done to maximize the
satisfaction when it comes to the customer requirements.

3.5 Risk Analysis
From the information gathered during the user testing sessions a table with possible
safety concerns when using the battery pack concept is created. A brief FMEA was done
based on opinions that came up during the arborist interviews performing a risk
analysis on the current solution and after a proper action is taken, see Table 10.
Table 10: FMEA based on arborist group discussions
Failure Mode and Effects Analysis
Function

Failure type

Cause of failure

Failure effect

Case
Pooling water
Solid casing
Damage battery
Fastening of lid/cover Breaking
Strong impact into branch
Opens the protective cover
Strap ladder lock
Breaking High forces from strap adjustment
Loosening the strap
Waist belt buckle
Unlocking High forces from strap stretching
Waist strap gets loose

Risk analysis
SEV OCC DET RPN

5
4
4
4

6
3
6
2

3
2
1
1

Suggested action

Action taken

90
Water drainage solution
Perforation
24 Reinforce the lock or redesign Velcro lock
24
Reinforcing the lock
Stronger mat.
8
Elastic waist strap material
Elastic mat.

New risk analysis
SEV OCC DET RPN

2
2
4
4

1
1
1
1

3.6 Material
Details about the material of the battery pack was not the main focus for the project,
although some suggestions of materials are explored using CES Edupack for the
different components. The suggestions are based on PD-requirements and the FMEA:
•
•

•
•

•

Cover: a tough and durable fabric which is proofed against water, UVradiation and white-spirits (for cleaning). Possible candidates for this may be
Polyurethane Laminate, Thermoplastic Polyurethane or Vinyl with fabric back.
Case: potential material candidates might either be a textile like the lid/cover
with a solid core to protect the battery from hard impacts or a solid polymer
casing. The proper material, for high impact resistance (toughness), aesthetic
qualities for the core or the complete case could be ABS and polycarbonate.
Padding: the padding for the shoulders and waist can be made of Airmesh for
a breathable contact to the body or a type of cell foam (open or closed) inside
the strap pads which has a type of cordura fabric as an outside material.
Strap: for the waist band a possible material may be woven elastic flat straps
made of polyester and rubber, which both provides strength and durability.
Woven elastic bands are often used for heavy duty straps. The adjustable
shoulder straps can also be made of polyester, called Polyester Webbing, it has
a high strength ratio and is highly resistant against aging, mildew and abrasion.
This material is commonly used in harnesses and military applications.
Buckles: the buckles and ladder locks for adjusting the length of the straps are
to be made of metal (steel) for high durability from day-to-day adjustments.

The used evaluation tool for the material properties for this project is called CES
Edupack (Granta Design, 1999 - 2018) which is a software database for materials, their
properties and applications. See Figure 42 for a visual presentation of the materials.

Figure 42: A water resistant fabric, Airmesh and a strap (Granta Design, 1999 - 2018)
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3.7 Requirements
To see if the conceptual results succeeded to fulfill the product requirements, a final
follow-up of the requirement specification was done, see Table 11.
Table 11: A follow-up on the requirement specification
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4 Results
The features of the battery pack system are presented in this chapter. The models are
created using SolidWorks 2018 (Dassault Systems, 1995-2018) and then rendered in
the software KeyShot 8.2 (Luxion, 2018).
The shoulder strap design is shaped with the anatomy of the shoulder and neck in
mind with a streamlined design which distributes the weight evenly and improves the
comfort with the soft air mesh paddings on the back and shoulders. The strap length is
adjustable to provide a snug fit around the neck using the ladder locks. By leaving the
chest free from straps (which is present in many backpacks) this strap design allows
other arborist equipment like chest harnesses to be used without interference, see
Figure 43. The arms can move freely to allow maximum flexibility while performing
demanding pruning tasks when up in a tree.

Figure 43: The front of the battery pack

The waist strap is used to fasten the battery pack close to the body and to provide
relief of the weight that would be concentrated on the shoulders if not used. It allows a
wide span of waist anthropometries because of the adjustable and elastic strap. The
waist strap locks the battery pack in place close to the body, reducing the possibility
that the pack will get loose when working in abnormal positions and it also distributes
the weight along the waist region. The snap-lock buckle is placed on the very end of the
waist band which allows the band to be adjusted using only one adjustment buckle, see
Figure 44. The waist strap is integrated into the soft waist pads for maximum comfort,
even when tightly adjusted. The elasticity of the strap allows for breathing without
making the user feeling choked.
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Figure 44: The side of the final concept showing the waist strap fastening solution (buckle)

The cover is a must to keep rainwater away from the battery. This cover design allows
free air to flow inside the case, which is possible because of its loose design for proper
cooling of the battery. The cover is fastened using Velcro strips along the open end of
the case which keeps it resistant from hard impacts. Some branding is used on the
battery case as well as on the belt loop to represent the Globe Group brand Greenworks
Tools, see Figure 44 and 45.

Figure 45: The back of the final concept showing the battery case
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The case protects the battery with its sturdy and impact resistant walls, see Figure 45.
On the center-bottom of the case the input port for the tool is placed, which ease the
use no matter if the user is right or left-handed. The placement of the port also protects
the electrical components from water to come inside. Also, on the bottom of the case
the material is perforated to allow water draining, which prevent water-pooling if water
is inside the battery housing. The case has the Greenworks Tools (owned by Globe
Group) logo and the green, white and black color representing the company (see the
PNI which contains other Greenworks Tools products on Table 5).
Harness integration is possible through the elastic strap on the bottom of the case,
this strap eases the routing of the electric-cable to the arborist harness and keeps it in
place, see Figure 46. The strap is attached in place using a carabiner lock. Here also the
water draining perforations are seen as well as the power output port which is centered
and faced down close to the harness strap to ease integration.

Figure 46: Elastic harness strap for the power cable
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5 Discussion
In the discussion chapter the method and findings are discussed. As a final note the
research questions are answered.

5.1 Method and Findings
When first meeting the arborists in the project’s pre-study phase, they told me that
they were not used to having a backpack while working, which was an instant
disadvantage for them. They understood that this might be a bias from using gasolinefueled chainsaws already for years. During almost all tests, the arborists came up with
the suggestion that the battery should instead be redesigned into a smaller and less
bulky shape, though the battery design was a fixed requirement in the project and was
not a subject for redesign. Even though they said they were biased towards the current
solution of gasoline-fueled chainsaws and equipment they are open to test an external
product like this with a compatible chainsaw in the future.
After user testing and analysis of the prototypes the straps were chosen not to need a
stronger inner core because mostly heavy “backpacker” backpacks did benefit from this
type of strap design and the battery pack will not reach close to the weight of these
backpacks. Further research can be done on the material selection as it was not the
main objective of this project.
The shoulder strap design was based on knowledge gathered in the pre-study, by also
doing prototypes of the different strap designs and testing them with the arborists the
design decision could be performed with a more user-centered foundation.
Other European anthropometric databases could be used, but specific measurements
like arm and waist circumference was only found in a German population in PeopleSize
(Open Ergonomics Limited, 1993-2009) and measurements between the waist –
shoulder was exclusive for the Swedish database by Hanson et al. (2008). These two
databases showed similarities when it comes to measurements and was decided to be
combined. Using such broad percentiles as 1-99th was a challenge in the project and
could have been narrower, but the choice was based on the direction by Globe Group.
No source was found on the range of anthropometric percentiles among the arborists
(or workers in similar professions) so for this reason a population span was used. By
the interviews sample, the general impression was that the arborists were in the 50th
to 80th percentile of height with an average to low fat percentage, but the sample size
was considered too small to draw and concrete conclusions on this. For the waist strap
on the final concept the measurements were set to be approximately between the 5th
percentile women (the smallest) to the 85-90th men including the elastic properties of
the waist strap. This limitation had to be set because of the strap adjustment design
(slidable buckle) and can possibility be improved with another adjustment design.
According to several sources it is important for an arborist to have a good physique to
be able to climb a tree smoothly and to have proper endurance to do the tough day-today tasks that an arborist do on a regular basis. Also, common equipment is not
compatible with overly obese people because of the limitations of adjustability. Some
of the measurements, like the waist circumference heavily correlates with obesity
(NHLBI, 2000) and for this reason the very high percentile waist strap/belt
circumference was not prioritized.
A focus on the European market was a requirement set by Globe Group. Factors like
ethnicities, diet, muscle-mass of the European population are not a constant and
changes over time, this may affect statistics on anthropometric measurements like
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height and body circumferences becoming obsolete. The anthropometric sources were
chosen on their publishing date there to be as new and relevant as possible, in this case
around 10 years old (Hanson et al., 2008) and PeopleSize (2009)).
No arborist female participated in the surveys, the main reason for this was because
they are not as common in the field of arboriculture, especially not in the companies
which were contacted. For future development of the final concept, a more mixed set
of users when it comes to gender and anthropometries needs to be part of the product
evaluation process in order to design for a broad selection of users.
Several journal articles on military backpacks were studied, many of them pointing
towards the importance of a hip/waist strap to reduce the weight carried by the
shoulders. Placing the strap on the hips was seen to increase the risk of increase the
risk of interreference with the harness, for this reason the second-best alternative was
the waist for the belt placement, which was implemented on the final concept. Many
studies were also done on high-school and college students on backpacks because it is
seen as a common ergonomics problem affecting this large user group. These results
were used with caution because it may affect the validity, because of the difference to
an adult’s body. No specific scientific research was found on arborist specifically on
ergonomics that were directly applicable to this project. Mazzochi et al. (2015) means
that it is strange that there are not any academic studies about safety, efficiency and
ergonomics in arboriculture as well as in the field of agriculture.
A way forward could be to establish a contact with the top brands on the arborist
market like Petzl, Teufelberger and Buckingham who will provide high expertise in the
product development process for maximum safety and possible harness integration
features. During the pre-study of the project these brands were contacted, but
unfortunately with no answer back.
A shorter FMEA was made in the detailing phase of the project to explore and hopefully
solve issues present in the concept prototypes. Here some design decisions were made
that need further testing. For example, the buckle lock on the Concept B (Which is used
for the final concept) may be exposed to hard impacts and breaks from this. A solution
to solve this issue is to use a buckle made of stronger material or to completely redesign
this lock into, for example, a Velcro strip. The Velcro strip solution was chosen on the
final concept and it needs further testing. This was discussed with the arborists and
they were critical to the Velcro design because it usually get clogged by sawdust easily,
even though much of the equipment used by the arborist are using Velcro without any
significant clogging.
The battery casing water IPX4-test was done to see how the prototype design of the
cover/lid responded to heavy rainfall and the water leak could have happened because
of damage in the casing material from sew-holes or a lack of water resistance of the
case material which cause soaking of the water, as mentioned during the test (in
chapter 3.4.2.1). This needs further testing and should been done with standard
equipment before the final product reaches the market.
The QFD was mainly performed as a system to see the relationships/correlations
between the different requirements. Following the teaching of Ullman (2016) it was
also used as a guide to come up with customer requirements and how to evaluate the
weight of these. For a larger project with a large team, the QFD can be a great tool to
base the project on, as it could have been used more in detail by basing decisions on
the results complied on the top and bottom of the House of Quality.
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The project was more focused on the design of ergonomics and durability aspects
because this is where the user-centered research was pointing towards from following
the customer requirements. If there were a more critical need that the arborists valued,
the project would have changed to instead fulfill that need. When it comes to
sustainability, the social aspect was the most applicable to the project because of the
focus on social diversity and equality through the user-centered design approach.
The methodology worked well for this project, which was set early on based of the
iterative process model “French’s model” by Cross (2008), which is seen on Figure 1.
With distinct phases such as the pre-study, idea generation and detailing as well as
having a clear schedule/plan on how long these phases are going to take place (and
clear deadlines), the project had a clear goal and it felt progressive. The chosen design
methods could also adhere to a category (phase) be performed with good timing. The
chosen process allowed iteration, which means that the designer can chose to jump
between phases if so needed. An example of this is the QFD method, which was finished
later in the idea generation phase to not influence the brainstorming on competitor
ideas. Competitor ideas was looked into later while compiling the styling boards.

5.2 Research Questions
How does a battery pack need to be designed in order to meet the stakeholder’s
requirements and interests?
The design decisions which led up to the final concept was made by having a close
cooperation with the company and arborists to fulfill the requirements and interests
of the project stakeholders, which is the essence of a user-centered process. The
project stakeholders are defined as “an individual, group, or organization, who may
affect, be affected by, or perceive itself to be affected by a decision, activity, or
outcome of a project” (Project Management Institute, 2013), by this definition the
stakeholders are the arborists, individuals working at Globe Group and the company
as an entity. The design methods were chosen carefully based on their ability to
incorporate the stakeholders to a high degree. The degree of fulfillment is measured
by organizing the requirements and interests in a requirement specification and
continually evaluated with the company and users along the process in an iterative
fashion.

How can the battery pack be adapted to fulfill the requirements of the arborists?
The user-centered approach used throughout the whole project was used to gather
input from the arborists, both through direct contact with the arborists and
observations to gather latent/non-verbal needs. The customer requirements were
gathered for the QFD in the pre-study phase of the project, these requirements were
weighted by the arborists and then used as evaluation-criteria for the design decisions
done in the concept and detailing phase. By doing this, the design ideas/concepts for
the battery pack are evaluated based on their adaptability to the arborist requirements.

What are the factors that affect the ergonomics of a battery pack for an arborist?
The factors can be generalized to anthropometrics, the load (weight), repetition and
duration of the performed task. These factors are listed under the section “Ergonomics”
in the requirement specification and in the customer requirement list (QFD). These
findings were mainly gathered from studies of literature and user testing. More factors
may be explored while performing more detailed user tests, for example, on the final
concept prototype, which is suggested as future work.
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6 Conclusion
The final concept is designed based on the user-centered design approach with a focus
on ergonomics. By implementing the customer requirements which was gathered early
in the project, the details of the concepts were iterated continuously to shape the design
of the concept product to satisfy the arborists, for example by performing several
brainstorming sessions followed up by screening/evaluation. The field arboriculture
was researched, including the arborists, using a range of research/design methods to
adapt the battery pack to ultimately fulfill their requirements (customer demands) and
this helped to answer the research questions. The requirements that were coming from
the users were to a large degree dependent on the ergonomics, which includes the
comfort, adaptability and ease to use aspects of the design. These are collected in the
QFD - House of Quality.
All along the way until the end of the project the design was evaluated continuously
with close cooperation with the arborists and the company to meet the projectstakeholder’s requirements and interests to as high degree as possible, even if
compromises were done to be able to satisfy both stakeholders and users. These
limitations were set by Globe Group. The final concept with its unique features is still
in the detailed concept stage and is not yet ready for manufacturing.

Future Work

The final design needs to be tested for long durations with a compatible tool, like an
externally connected chainsaw performing arborist work tasks. This was something
that could not be tested in the project because the tool is still in development. Future
work for the product development process might be to include female participants and
using a wider range of anthropometry percentiles in the future design evaluations with
the arborists to really see how compatible the design is to these body measurements.
More detailed work is to be done on the material selection, durability testing, detailed
components (for example, the exact dimensions of the buckles), aesthetics and
planning for manufacturing.
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8 Appendices
8.1 Appendix A – Qualitative User Study Plan
To-Do list:
•
•
•

Introduce the project
Observe the arborists performing the work and ask to “talk-out-loud” about each task,
take pictures and video in the process
Ask interview questions and keep it as a conversation (semi-structured method)

Observation:
Ask supplementary questions to keep the conversation going during observation:
•
•
•

Why are you doing that?
What do you think about…?
. etc

After Observation:
Interview
•
•
•
•
•
•
•

•

What are the routines for a climbing arborist (for pruning and tree felling)?
What equipment are used as a climbing arborist? Does that vary between seasons?
(spring season during observation)
Are you using an external battery for tools today?
Are you using electric tools?
What is your opinion on electric chainsaws?
End with a mini-focus group discussion of possible solutions (concept generation)
Show the reference product (Greenworks Tools Battery Holster and Cramer ErgoAssist) and let them try them and listen to their impressions and let them equip the
products while observation.
What is your opinion on using a cable? (give the cable that will be used)
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8.2 Appendix B – QFD House of Quality
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8.3 Appendix C – User Evaluation Study
To-Do list:
•
•
•
•
•
•
•

Introduce the user test
Give one of the battery packs to the subject (one at a time) and tell subject to use
“think out loud” method
After testing both concepts, discuss differences as well as advantages and
disadvantages.
Ask the user which concept best fulfils the customer requirements:
1. Small, 2. Durable, 3. Safe, 4. Adaptable to body 5. Multi-functional, 6. Easyfastening, 7. Comfortable, 8. Aesthetics.
After all participants are done, conduct a mini-focus group to discuss the prototypes
freely.
Lastly discuss possible risk analysis on the prototype components and the degree of
risk (later used in a brief FMEA
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