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Abstract 
 
Being able to keep your balance is something most of us take for granted. People with 
inner ear problems due to an accident or surgery or other dizziness have to live with this 
problem on a chronic basis. A balance prosthesis, worn around the torso, giving 
feedback about their upright position via tactile vibrators has been shown to help these 
people keep their balance. 
 
The goal and purpose for this thesis has been to conduct research on how to improve the 
existing balance prosthesis and adapt it to fit the user. The research has been conducted 
with the focus on human factors, meaning with the users’ experience as the premier 
aspect.  
 
To be able to reach a good solution with a prototype that would be an improvement 
compared to the existing device, a vest, several stages have been passed. At first twelve 
criteria were set up to establish human factors and hedonomic requirements. To fulfill 
these requirements, surveys with users were conducted. An extensive phase of 
prototyping and material research informed the design of a final concept. 
 
The final concept was a prototype balance belt that contains six vibrators, called tactors, 
and models of the other electronic components. The belt has an elastic band as a base 
and then a black spandex fabric that covers all components. A Velcro band and a buckle 
are used to open and close the belt. Finally the belt has a beige spandex cover that can 
be pulled on and off. This cover makes the belt easy to keep clean because the cover can 
be washed. The prototype is made in three different sizes so it can fit most people in the 
US population. 
 
In the near future it will be important to make an evaluation of the balance belt with 
users. It needs to be tested if the vibrators are possible to feel and how it feels to wear 
the belt for a longer time. An aid to help pulling the cover onto the belt also has to be 
developed because putting on the cover is a bit difficult right now.  
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Sammanfattning 
 
Att kunna hålla balansen är något som de flesta tar för givet. Personer som har problem 
med innerörat på grund av en olycka eller operation, eller som har problem med yrsel 
måste klara av sin vardag med sitt balansproblem. En balansprotes som bärs runt 
midjan, ger information om personens upprätta position via taktila vibratorer och har 
visat sig hjälpa dessa personer att hålla balansen. 
 
Målet och syftet med det här examensarbetet har varit att ta reda på hur dagens 
balansprotes kan förbättras och anpassas till användaren. Arbetet har genomförts med 
fokus på en ergonomisk design vilket betyder att användarens upplevelser har varit den 
viktigaste aspekten.  
 
För att komma fram till en bra lösning resulterande i en prototyp som är en förbättring 
jämfört med dagens hjälpmedel, som liknar en korsett, har flera stadier gåtts igenom. 
Till en början sattes tolv kriterier upp för att få ergonomiska krav att arbeta utifrån. För 
att uppfylla dessa krav har undersökningar med patienter genomförts. Även en intensiv 
period med prototyptillverkning och sökning efter lämpliga material genomfördes innan 
examensarbetet resulterade i ett slutligt koncept.  
 
Det slutliga konceptet blev en prototyp av ett balansbälte som innehåller sex vibratorer 
och modeller av de andra elektroniska komponenterna. Bältet består av ett elastiskt band 
som bas och det är i sin tur täckt med ett svart spandex tyg, som då döljer alla 
komponenter. Öppning och stängning av bältet sker med ett kardborreband och spänne. 
Slutligen har bältet ett överdrag i beige spandex. Överdraget gör att bältet enkelt kan 
hållas rent eftersom det går att tvätta. Prototypen är gjord i tre olika storlekar för att det 
ska passa den största delen av USA:s befolkning. 
 
För framtida utveckling är det viktigt att genomföra en utvärdering av balansbältet med 
användare. Man behöver göra tester för att kontrollera att användaren kan känna alla 
vibrationer och hur de tycker att bältet känns att bära en längre tid. Ett hjälpmedel 
behöver utvecklas för att underlätta att dra på överdraget på bältet.   
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1 Introduction 
In this chapter the background that led to this thesis is described. The two participating 
institutions are described and thereafter the purpose and research questions are 
presented.  

1.1 Background 
People with balance difficulties, due to vestibular problems or other dizziness, tend to 
fall if not provided with some form of external help. This issue has been investigated at 
the NeuroMuscular Research Center (NRCM) at Boston University and at the 
Massachusetts Eye and Ear Infirmary (MEEI) for several years. Their collaboration has 
resulted in a balance prosthesis that displays body-tilt information to the subject via 
tactile vibrators (Wall & Weinberg, 2003). This device is designed to improve a 
person’s upright position and could be used either as a temporary aid during 
rehabilitation or as a permanent prosthesis.  
 
The design of the device has not been changed very much since it was first built.  To 
date, it has only been used in laboratory experiments. In these experiments, subjects are 
asked to do different tasks with and without the device to see if their performance 
improves while using the device. As the prosthesis has shown to improve the subject’s 
ability to keep their position upright, the next step was to make a device that is easy and 
comfortable to use. 

1.2 Problem Statement 
The goal of the work described in this thesis was to apply human factors and 
ergonomics principles to the design of a wearable balance prosthesis. By making the 
device easier to use and more comfortable it will be possible for subjects to use it in 
their everyday life.  
 
My involvement in the project began during the summer of 2005 when I was able to 
conduct research on two different balance devices for two months. One of the devices 
was a foot sole that can sense the center of pressure and then give feedback via tactile 
vibrators on the leg. The other was a balance prosthesis fitted into a vest. The focus of 
the thesis is to improve the latter device, a balance prosthesis that is used around the 
torso.  

1.2.1 The Vest 
The balance prosthesis is a vest containing small disks, called tactors, which form a ring 
around the torso and produce vibrations when the subject tilts towards the angular 
location that corresponds with the angular location of a particular tactor. . The device 
also consists of inertial sensors, a subjected mounted PC 104 processor and a 
vibrotactile display subsystem. The PC 104 can communicate wirelessly with a PC 
laptop computer for purposes of display and control. In Figure 1 the system is shown 
when a person is wearing the vest. The inertial sensor contains gyroscopes which sense 
angular rate and accelerometers which sense linear movement and gravity (Wall & 
Weinberg, 2003). 
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Figure 1 The vest on a person and the computer system 

 
The vest has three rows and sixteen columns of tactors, shown in the bottom of Figure 
2. Testing has used them in different ways: all sixteen columns, eight or only four. 
Analysis of the data suggests that it does not matter how many columns the vest has.  
There is a big improvement in keeping his or her upright position whenever the vest is 
used. 
 

 
Figure 2 The vest 

 
Since the vest is big and complicated to put on and take off, there is a clear need for a 
smaller device. Testing the idea of having a device more similar to a belt was the next 
step. 

1.2.2 Other Similar Devices 
In the field of non-invasive balance prostheses, the problem of controlling positions has 
been solved by stimulating the vestibular nerve via surface electrodes and then 
displaying self-motion cues via vibrotactile stimulation or via electric currents applied 
to the tongue (Wall & Weinberg, 2003; Kaczmarek, 2005). These vibrotactile displays 
have been used by the U.S Navy and have been shown to enable blindfolded pilots to 
control their aircraft. 

Tactors 

Cover 

Motion sensor 
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The tongue is highly sensitive to touch (Kaczmarek, 2005) and that is why it can be 
used for electro-tactile information. The required voltage is much lower compared with 
other skin locations and saliva provides a natural electrolyte. 
 
Another device that can help people with sensory deficits maintain their balance uses 
audio-biofeedback (Dozza et al., 2005). This device has proven to reduce body sway in 
quiet standing tasks.  

1.2.3 NeuroMuscular Research Center 
As an independent unit of Boston University, the NeuroMuscular Research Center 
(NMRC), explores the workings of the Central Nervous System and develops new 
technologies for assessing the performance of the Neuromuscular System (NMRC, 
2006). The research ranges from basic studies to the design of medical devices.  
 
This thesis has been involved with the Injury Analysis and Prevention Lab at the Center. 
This laboratory mainly conducts research in injury mechanisms related to postural 
control during slips and falls. 

1.2.4 Massachusetts Eye and Ear Infirmary 
Massachusetts Eye and Ear Infirmary (MEEI) is a specialty hospital providing 
outstanding patient care for disorders of the eye, ear, nose, throat, head and neck. It is 
also a teaching partner of Harvard Medical School (MEEI, 2006).  
 
At MEEI, the Jenks Vestibular Diagnostic Laboratory has been pursuing two different 
lines of research, balance prosthesis and a vestibular implant. Both types of devices aim 
to inform subjects about their motion if they have lost the ability to sense it because of 
inner ear injury, disease or aging. 

1.3 Purpose, Scope, and Research Questions 
The purpose of this thesis was to conduct research on how a new design of the balance 
prosthesis, the vest, could improve the user’s experience. Since this device is used by 
people, it had to be made with human needs in mind or else nobody would want to use 
it.  
 
Five constraints give the project a realistic and manageable scope: 

• Since the technology for the device already was working, the focus was only on 
a new user-friendly design. 

• Because you need to know the exact position of the gyroscope, the sensor has 
been put in the middle of the back on the device. 

• The design has been made for use in a rehabilitation environment.  
• The device has to function and at the same time be possible to wear for a long 

period of time without the wearer feeling discomfort.  
• The design must incorporate materials that would be suitable and hygienic.  
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To make the most out of the research there have been several questions to consider 
during the course of the work. These questions have served to limit the research and 
focus the work.   
 

• How could the device be easy to fasten and release? 
• What kind of fabric could be used next to the skin without feeling 

uncomfortable and still supply the needed functionality?  
• In what way could the design of the device be made without intruding on 

personal hygiene?  
• How could the device be designed so the user would not feel uncomfortable 

while wearing it? 
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2 Method 
The work discussed in this thesis has been performed according to the project plan 
shown in the figure contained in Appendix A. The program Microsoft Project was used 
to make a project plan when work on the thesis started.  
  
As you can see in the figure the first weeks were dedicated to plan the project and to 
formulate the purpose and research questions. Gathering material for the theoretical 
review and information about different materials were also planned to take place from 
the beginning.  
 
From the beginning it was planned to make three different mock-ups before making a 
final prototype. The surveys were not planned at the start of the project but as soon as 
they were scheduled they became an integral part of making the prototypes. The surveys 
can be seen as a way to gather information and were also used for evaluation of the 
mock-ups and final prototype.  
 
Writing the report was an ongoing part of the thesis but has been more concentrated 
towards the end.  
 
This project plan gave an overview from the beginning and acted as support during the 
work. Of course some of the set points in time were change as the work progressed. 
This is discussed more in the chapter Analysis and Discussion. 

2.1 Background Information 
Studies made during the summer of 2005 provided an extensive background concerning 
the use of the vest. The vest was tested with several subjects and numerous problems 
were identified. This previous work acted as a start for my thesis and is summarized 
here. 
 
I was working at NMRC for two months during the summer in 2005. The goal for me 
was to try and make the vest into a wearable belt. To be able to understand how the vest 
worked I was able to try on the vest and also attended several experiments where 
patients used the vest. 
 
I started to look at other belts, from weight lifter belts and to regular belts, to get some 
first ideas. Then a first mock-up was made to be able to see how a belt could work with 
the components that had to be included. An elastic band was used as a foundation and 
then foam and spandex were used to cover the components. The mock-up was discussed 
with the people working on the development.  
 
A new mock-up, Figure 3, was made that retained some of the elastic band but also 
including a more firm part from a camera-belt. Spandex was used to cover the 
components and foam surrounded the components put on the outside on the back. To 
open and close the belt Velcro was used.  
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Figure 3 The second mock-up made in 2005 

 
The belt had a long Velcro band along the inside to be able to attach the tactors. With 
the Velcro band wrapped around the belt it would be possible to move the tactors 
around and find where the best place for them would be. 
 
A major finding from trials with this early mock-up was that a tactor placed in the 
middle of the back was difficult to feel. As a result, the components were gathered in 
two pockets placed on the outside on the back. This made the belt relatively thick at 
these places.  
 
The conclusion from this work conducted in 2005 was that a belt like this would 
probably work but would require a total re-evaluation supported by a survey with users. 
It was also important to look at potential material and to ascertain if it would be possible 
to have the balance belt attached to a woman’s bra. This gave me the foundation for the 
thesis described here. 

2.2 Theoretical Review 
An article written by Wall and Weinberg (2003) has been used as background 
information. The article describes the use of an array of tactile vibrators to help prevent 
falls by people with balance difficulties. Wall and Weinberg discuss the use of a 
prosthesis that was an early model of the vest discussed in the Introduction.  
 
To gather information within the field of ergonomics and other important areas for this 
thesis, a review of relevant literature has been conducted. The literature gave me a 
deeper understanding of ergonomics and human factors and its sublevels, like for 
example anthropometry. I also studied an area called hedonomics, meaning designing 
for pleasure, which gave a focus on the comfort and pleasure of a product. To help 
formulate the surveys I consulted literature about empirical methods. 
 
Another area that was studied was prototyping for product development. Since my task 
was to come up with a new concept for the balance device and also present the device in 
a prototype, developing an understanding of rapid prototyping was important. Rapid 
prototyping made it possible to make a totally new part in the belt, a tactor holder.  
 

Components on 
the back 

Velcro 
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As I mentioned the literature were reviewed during the whole thesis from using 
ergonomic knowledge in the design to formulating questions for interviews. The 
literature has also been consulted when the results were analyzed and discussed in the 
end of the report.   

2.3 Product Specification 
At first a product specification was set up according to ergonomic and other relevant 
requirements. The main focus for the final concept was to have the user and the user’s 
needs in mind. Both the product specification and the final concept are presented in the 
section on Results.  

2.4 Ideas 
Different solutions and ideas on how the balance belt would be designed were 
generated. The ideas were different solutions on how the belt could look like containing 
all the components required. Starting with the early mock-up from the year before, some 
ideas were developed. But there were also totally new ideas which were based on using 
straps or module systems. The sketches are shown in the section on Results. 
 
Since the belt had some requirements to meet, from the product specification, the ideas 
were cut down to reasonable solutions. Thereafter a first questionnaire was made to get 
an idea of what the users prefer and also be able to decide how the first mock-up should 
be made. 

2.5 The First Questionnaire 
The importance of making a survey was decided early because the inputs from the users 
were wanted in the design process. The new concept, a device as small as a belt, would 
be difficult to explain to the users since they had only seen and used the vest before. 
Because the new belt would use a different type of vibrators, it was important to show 
the users the size of the device and to conduct the interviews face to face. A mock-up to 
show the user during the interviews would make it even easier to explain the new 
concept. 
 
Before making the mock-up and a more thorough survey, a small questionnaire, 
Appendix B, was made to improve the ideas and choices for a first mock-up.  
 
The questions was based upon the knowledge that these subjects had used the vest 
before. A first draft was sent to seven people, who have been working on the project 
developing the vest, to get inputs on the questions. After that two healthy people, who 
have tried the vest, were asked to answer the questionnaire. I went through their answers 
with them individually to make sure that they had understood the questions as intended.  
 
Included in the small survey were three male subjects who had used the vest before in 
several experiments. One was between 31-40 years old and the other two were between 
51-60 years old.  
 
This became more of a test group on how the questions were understood and which 
questions that might be more important. The questionnaire was carried out via 
telephone. The telephone calls were made by a Research Assistant at MEEI. He had 
been in contact with the subjects several times before, during experiments and other 



The Human Factors Design of a Wearable Balance Belt 
 

 8

surveys, and that was why he was the best suited person to make the calls. Right after 
the telephone calls we sat down and went through all the answers and the person at 
MEEI could explain what the subjects had said. 

2.6 Making the First Mock-up 
The purpose of the first mock-up was to give an idea on how the belt would look 
considering the size and other features. It was possible to put it on and see how it felt.  
The mock-up contained models of the components that were going to be in the final 
device.  
 
To make the mock-up a sewing machine was used. The materials used in the mock-up 
were ordered from different companies. This was also a way to evaluate materials, both 
how they would feel and also how they would support functionality of the device. 
Materials ranging from elastic bands to plastic boxes were used in the progress towards 
the final prototype. A description of the different materials is presented in the section on 
Results. 

2.7 Survey 
On the basis of the first questionnaire new questions were put together for a survey. The 
survey form in Appendix C had two parts, first a short questionnaire and then interview 
questions concerning both the vest and the new belt. The interview was a semi-
structured interview, meaning that the subjects also should have an opportunity raise 
their own issues. 
 
A first draft of questions was sent to seven people who have been working on the 
project developing the vest to get feedback. After a few corrections that made the 
questions easier to understand, everything was prepared for conducting the survey. 
 
The survey was carried out at the Physical Rehabilitation laboratory of Dr. Diane 
Wrisley at the University at Buffalo. There were eight subjects, six women and two 
men. The subjects who were interviewed were between 71 and 90 years old. Four of 
them were interviewed individually and the other four, all women, were interviewed as 
a group. They all have some kind of balance disorder and all but one had used the vest 
in experiments before. The interviews were recorded either with a tape recorder or a 
video recorder.  
 
They were first asked questions about the vest and then introduced to the new idea of a 
belt. While doing the interview the mock-up was shown and they all got to touch it and 
even try it on if they wanted. Six subjects tried the belt and two declined, but gave no 
reason.   
 
This was also an opportunity to make observations since three of the subjects were in 
the laboratory to participate in a study with the vest. At each experiment there were one 
subject, a person who controlled the vest via a laptop computer and a person walking 
beside the subject and telling him or her tasks to do. The subjects were asked to do these 
different tasks while wearing the vest and using the information from it. The experiment 
lasted approximately forty five minutes. The tasks they had to do were walking back 
and forward with different features: 
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• Walking without the vest turned on 
• Walking with the vest turned on 
• Walking on a carpet with lines 
• Walking while turning their head up and to the right and then down and to the 

left several times 
• Walking wearing sandals with 50.8 mm (2 inch) of foam on the underside 

 
The different parts of the survey were analyzed. The questionnaire and interview data 
were gathered in a Microsoft Excel document. Analyses of these data led to conclusions 
concerning further development of the belt. The observations gave a better 
understanding about the use of the vest, both how the subjects interacted with the device 
and what type of problems came up. The results from the survey are presented in the 
section on Results. The conclusions from the survey were then used to improve the first 
mock-up.  

2.8 Prototyping 
A more extensive phase of prototyping occurred after the analysis from the survey was 
made. The survey led to new solutions and further improvements that had to be tried 
out. New materials and colors were ordered and then different solutions were realized in 
mock-ups. The survey and having used materials in a mock-up gave ideas of using other 
materials or just changing the colors.  
 
The main concept of a belt was kept and the development of new solutions was mainly 
focused on specific areas of the belt. Different ways to attach a buckle and Velcro to get 
the best closure were tested. Also a couple of different solutions concerning having a 
cover to pull over the belt and how to attach the cover to the belt were tested.  
 
To be able to attach the tactors to the belt a tactor holder was developed. The model was 
drawn in the CAD program ProEngineer Wildfire and then manufactured with the rapid 
prototyping method ‘fused deposition modeling’.  
 
The different mock-ups were then discussed with the people working on the project who 
had been developing the vest and belt. Relying on the criteria set up in the beginning of 
this thesis and the results of the survey, a final solution was decided by me and the two 
professors involved in the project at MEEI and NMRC. 
  
To be able to make prototypes that would fit most people of the US population, 
anthropometric data from Adultdata (Peebles & Beverly, 1996) were used. This would 
make sure that at least 90 % of the population, both male and female, could wear the 
belt. According to the requirements and the results from the survey a final prototype was 
made. The prototype was made in three different sizes because they would be enough to 
cover the population.  
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Pleasure ↑ 
 

Usability ↑ 
 

Functionality ↑ 

3 Theoretical Frame of Reference 
This chapter presents a review of the theories that have been relevant for this thesis. 
This includes areas connected to human factors and ergonomics as well as methods used 
in the design process. The chapter has three main parts; human factors and ergonomics, 
methods and prototyping. 

3.1 Human Factors and Ergonomics 
Originally ergonomics was developed by the British and aimed mainly at supporting 
physiological adaptation to work environments and anthropometry. A product’s fit to a 
person was described as usability and made the design of a product very important. 
Later on, the Americans developed the field of human factors which was more aimed at 
supporting cognitive adaptation to work environments. These two fields have merged 
and now the two terms refer to the same set of concepts. This thesis uses the term 
human factors to refer to both.   
 
The goal for human factors (Wickens, 1998) is to make the human interaction with 
systems: 

• Reduce error 
• Increase productivity 
• Enhance safety 
• Enhance comfort 

 
Human factors is generally defined as the study of human beings and their interaction 
with products, environments and equipment in performing tasks and activities. Studies 
that apply human factors principles guide the design of products. These studies can be 
described in a few steps. First the problems have to be identified and thereafter it is 
possible to take action. The chosen solution is then evaluated and that shows if the fix 
was successful.  
 
The unique thing about human factors is that it is concerned with the impact of design 
on both the physiological and psychological domains. According to Salvendy (2006) the 
maximum level of performance will not occur unless the design considers the human 
element. 

3.2 Three Levels of Consumer Needs 
A way to see the consumer needs for a product is shown in Figure 
4. This is a way to see the contribution of human factors to product 
design. Jordan (2000) describes three levels of consumer needs for 
functionality, usability and pleasure. The following will explain the 
three levels more in detail.  

3.3 Functionality 
A product is of course useless if it does not work which means that 
a fundamental need is to have a product with necessary functions. Otherwise the product 
will bring dissatisfaction to the user (Jordan, 2000). To make the most out of the 
product those who create it must understand what the product will be used for and the 
environment in which it will be used. 

Figure 4 Three levels of 
consumer needs 
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3.4 Usability and Ergonomics 
When functionality is working the user wants to have a product which is easy to use. 
This is actually something users expect today.  
 
A usability-based approach to design looks at people in terms of their cognitive and 
physical abilities. This means that if a product’s design is within the cognitive and 
physical abilities of the user then the product will be usable for this person (Jordan, 
2000). This approach tends to take a view of the user that focuses only on 
anthropometrics, physical abilities and cognitive abilities. The focus of greatest concern 
to this study is anthropometrics. 

3.4.1 Anthropometry 
Anthropometry is the study of human body measurements, and is used in for example 
industrial design, clothing design and ergonomics, where statistical data can be used to 
optimize products (Bohgard et al., 2005).  
 
These anthropometric data are used to ensure that products and environments are 
designed to fit and suit either as many people as possible or a specific group of people. 
Jacobs (1999) says that a designer could measure everybody who might use the design 
but this is often impractical and therefore using anthropometry is a better way. The data 
gives the parameters of human size and shape that allows the designer to fulfill needs of 
both comfort and function.   
 
In Figure 5 the graph shows the 
normal distribution of a human 
body measurement (Peebles & 
Beverly, 1996). The graph is 
symmetrical around the midpoint 
and is where the 50th percentile is. 
This means that if this was 
measuring the height of people, 
then 50% of the population is 
shorter than this value and 50% is taller.  
 
NASA (2006) describes numerous design considerations when using and applying 
anthropometric data. 

• User population definition – It can be difficult to define the user population but 
it is important.  

• Percentile range – Generally the user population between the 5th and 95th 
percentile for critical body dimensions are the range that the design limits are 
based on. The use of this range will theoretically provide coverage for 90% of 
the user population for that specific dimension. .  

• Misuse of the 50th percentile – There is a usual tendency to consider the 50th 
percentile dimensions as representative of the majority of users. That is not 
correct, because the 50th percentile covers a narrow portion of the population and 
not the majority of users.  

• Summation of segment dimensions – When using several dimensions and 
making a combination it is important to remember that ever body segment 

Figure 5 A graph of human body measurement 



The Human Factors Design of a Wearable Balance Belt 
 

 13

dimension is unique. The measurement of the arm length is not the combination 
of the shoulder-to-elbow and elbow-to-hand length.  

 
When making the design of a product it is important to remember that body size and 
proportion vary greatly between different populations (Bridger, 2003).  
 
To be able to design something for a user population there at three different ways that 
can make a fit to the users (NASA, 2006). First a single size for all, like if a switch is 
located in reach for the smallest person then everybody will be able to reach it. Second, 
adjustment like the automobile seat which means that one size fits all.  The third way is 
several sizes which can be necessary to accommodate the full population and is 
common when designing equipment or clothing.  

3.5 Designing for Pleasure – Hedonomics 
Since usability is something users expect, users want products that can offer something 
extra, that bring not only functional benefits but also emotional ones.  
 
Jordan (2000) describes a pleasure-based approach to human factors. Pleasure means 
that issues like a person’s identity and the context of use are included. This may have 
influences on both the aesthetics and functionality of a product. 
 
A more newly used word for the pleasure-based approach to human factors is 
hedonomics (Murphy, 2005). Hedonomics pays attention to the experience of the end 
user and affective behavior. This is the next stage in the transformation of work through 
design. Hedonomic design focuses on the positive aspects of interaction with a product, 
on the feelings of satisfaction, well being, comfort, or enjoyment.  

3.5.1 Comfort 
One of the outcomes of hedonomic design is comfort. Comfort can be seen as a 
subjective phenomenon and the comfort of a product can only be evaluated by the user. 
Users have unique insight into their tasks and activities. This is why it is good to have 
users participate early in the design process (Vink, 2005).  
 
Comfort can be considered to be related to our emotions because comfort has an 
experiential component. Another thing that connects comfort with emotions is that 
comfort is influenced by the state we are in. For the development of a comfortable 
product it is good to have knowledge both of emotions and of design.  
 
There are numerous of elements that affect our experience with comfort. Products 
should at least have the level of comfort that people are used to. Otherwise it is likely 
that people will experience discomfort when using the product. The environment or 
situations also influences how people experience a certain product. If you have been 
working-out, a chair might feel more comfortable than if you have already been sitting 
down for several hours.  
 
Visual information is the first impression, and therefore is something that affects our 
opinion when it comes to comfort (Vink, 2005). This can however change after using 
the actual product. The sense of touch is also something to consider for a designer, since 
we tend to feel more comfortable with something that has a pleasing texture.  
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3.5.2 Colors 
Colors can be used in many ways to display visual information. A common use for color 
is to highlight and emphasize something important (Salvendy, 2006). It can also be used 
to code different categories of displayed information. When using colors in a situation 
to convey a special meaning, it is of great importance that the colors are perceived as 
intended.  
 
The use of color can also bring practical benefits to a product. For example road 
builders and others working on the road often wear luminous orange colors (Jordan, 
2000) so that they can be seen easily in the dark.  
 
When designing something for a group of people the choice of colors is very important. 
For a person with partial sight or colorblindness it is of crucial importance that the right 
set of colors is being used. If someone with a normal vision sees two colors that contrast 
sharply, it can be far less distinguished for someone with a visual disorder (Arditi, 
2006). 
  
Using colors appropriately can make the use of a product easier. Three aspects that have 
influences on how easy or difficult a color is to see are: 

• Contrast of colors one against the other 
• Use of difference in brightness between foreground and background colors 
• Avoid using colors of different brightness adjacent to one another.   

3.5.3 Tactile Communication 
It is most common to use the senses of sight or sound when designing a human-machine 
communication channel. However, the sense of feel is also a good way of displaying 
something. For example a tactile display has been shown to improve the situation 
awareness of operators of high performance weapon platforms.  
 
The field of tactile response is formally known as Haptics, a term that comes from the 
Greek word that means touch. The way the body feels and interprets physical sensation 
is really complicated. The skin contains a variety of sensory organs called receptors 
(EAI, 2006). They can for example be sensitive to pressure, vibration and slip, or to 
changes in temperature. Some receptors are categorized as slowly adapting receptors, 
like the ones that detect changes of temperature. There are other receptors that are 
categorized as rapid adapting. Pacinian corpuscles are rapid-adapting sensors located 
relatively deep in the skin.  They serve as acceleration detectors and vibration sensors. 
 
Using a tactile display is a good method to improve situational awareness since it is 
easy to interpret and has an intuitive nature. There are three concerns when designing 
tactile displays (EAI, 2006). First the tactile displays have to provide a strong 
vibrotactile sensation to the body. Second the device has to be compact and lightweight 
so they can be comfortably incorporated in the user’s workspace or clothing without 
impairing movement. Third it is important that these devices are safe and reliable even 
in harsh environments. 

3.5.3.1 Tactors 
Tactors are small transducers that are used to provide tactile communication that 
replaces or supplements audio and visual input (EAI, 2006). They are designed to 
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optimize skin response to vibrations. The tactors used in this research are C-2 tactors 
produced by Engineering Acoustics, Inc. (EAI), a company that works with research 
and development of specialty transducer and sensory technology.   
 
A C-2 tactor, Figure 6, is a miniature tactile driver that can be mounted on a seat or in a 
garment. The tactor has a skin contactor of 7.62 mm (0.3 inch) in diameter when the 
face of the tactor is placed against the skin. The total diameter is 30.48 mm (1.2 inch) 
and the height is 7.87 mm (0.31 inch).   
 

 
Figure 6 The C-2 tactor 

 
The tactor creates a strong localized sensation on the body. Multiple tactors can be 
activated individually, sequentially or in groups to covey a specific sensation or provide 
intuitive tactile instruction. These variations can be achieved when the tactors are 
strategically located on the body. 

3.6 Empirical Methods 
There are different methods that can be used to gather information for understanding 
people, evaluating concepts or setting the product benefits specification. These methods 
are preferable to use in different situations depending on what is wanted to be the 
outcome. Empirical methods involve participants and when it comes to usability 
evaluations there is always best to have people use the product (Jordan, 2000). I used 
multiple empirical methods to evaluate the hedonic values of the balance device. 
Observations, questionnaires and interviews were used and these are further explained 
in the following. 

3.6.1 Observations 
By conducting observations, the investigator can get a direct insight on participant’s 
behavior and use his or her own knowledge and expertise to interpret the situation. 
Being an observer can lead to an improved understanding of the context and to noticing 
things that have become routine for the participants.  
 
What to observe during the observation is determined by several factors. The main 
factor is the purpose of the study, meaning which research questions are important to 
find answers to using an observation. What to observe also depends on how structured 
the observer wants to be. The research questions may decide where to start the 
observation, but the focus must be allowed to evolve as the study moves along.  
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When carrying out an observation one can not observe everything. Merriam (1988) has 
a checklist which contains elements that are likely to be present in an observation: 

1. The setting: What is the physical environment like? What is the context? 
2. The participants: Describe who is in the scene, how many and their roles. 
3. Activities and interactions: What is going on? Is there a definable sequence of 

activities? How do the people interact with the activity and with one another? 
4. Frequency and duration: When did the situation begin? How long does it last? 

Is it a recurring type of situation or unique? 
5. Subtle factors: Less obvious but perhaps as important to the observation are: 

a. Informal and unplanned activities 
b. Nonverbal communication such as dress and physical space 
c. What does not happen – especially if it ought to have happened 

 
The investigator can take different roles in an observation. It is however important that 
the investigator is relatively passive, unobtrusive and puts people at ease. The actual on-
site recording can range from continuous, to taking some notes, to not recording 
anything at all during the observation. If the observer does not take notes, he or she will 
have to rely on memory and that is why it is important to document full notes as soon as 
possible after the observation.  
 
Observation gives a first view on the situation. When it is combined with interviews it 
allows a holistic interpretation of the human factor interaction that is being investigated. 
The central advantage by conducting an observation is, according to Jordan (2000), that 
it is the method that comes closest to being an analysis of the product under ‘natural’ 
circumstances.  
 
Of course there may be problems with the data collection because of the biases an 
investigator brings to the situation. Biases can affect how situations and information are 
seen and interpreted (Merriam, 1988). It is also difficult for an investigator to escape 
affecting and be affected by the setting, and this may lead to distortion of the real 
situation.  

3.6.2 Questionnaire 
It is common to divide questionnaires into two groups, fixed-response questionnaires 
and opened-ended questionnaires. The fixed-response questionnaire contains questions 
with a number of alternative responses and people are asked to mark one answer. It is 
very important that the given response choices cover a full range of possible responses 
and that the wording can be understood by the respondent.  
 
The opened-ended questionnaires give the respondents the ability to write their own 
answers. When using these types of questions it gives the respondents a possibility to 
highlight which issues they find most relevant. This can be rewarding to use in the 
beginning of a design process (Jordan, 2000).  
 
Reliability and validity are important to consider when designing a questionnaire. In 
broad terms these concepts can be described as the repeatability of what the question 
measures and whether the questionnaire measures what it really is supposed to measure 
(Jordan, 2000). The questionnaire is reliable if the respondent would give the same 
answer if asked to fill out the same questionnaire at two different occasions, in relation 
to the same product. The questionnaire is valid if the respondent understands the 
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question in the way it is meant to be, and therefore answers to the questions that is really 
asked.  
 
Some advantages with a questionnaire are that when it has been designed, it can be 
issued to many people for a low cost. A questionnaire can also be used at any stage of 
the design process since it can be designed for different causes. The respondents can be 
anonymous since the investigator does not have to be present. This also ensures that the 
respondent is not affected by the investigator. The disadvantages may be that there is a 
low rate of responses unless the investigator is present. If the investigator is not present 
then the design of the questions needs to be carefully made, since the respondent does 
not have an opportunity to ask about anything unclear. 

3.6.3 Interviews 
Interviews are usually made face-to-face with the respondent, or perhaps over the 
telephone. According to Jordan (2000) the questions can be written to create an 
unstructured, semi-structured or structured interview. Merriam (1988) says that 
interviewing is necessary when it is impossible to observe behavior or feelings. 
Interviews are also a good method when you are interested in past events that are 
impossible to replicate.  
 
The unstructured interview has a series of opened-ended questions which will give the 
respondent the opportunity to steer the discussion. This type of interview is rewarding 
for the investigator when he or she has little idea of which issues are important for the 
respondent when using the product. 
 
When using a semi-structured interview, the investigator usually needs to have a clear 
idea of the issues that are relevant to the respondents. For example if the manufacturers 
were particularly interested in one feature regarding a product, then it would be possible 
to specifically ask about this feature as a part of more opened-ended questions. By using 
a semi-structured interview a more systematic analysis might be possible but the 
interview also leaves an opportunity for the respondents to raise other issues that are of 
importance to them (Jordan, 2000).  
 
A structured interview has a pre-set range of responses which the respondent then can 
choose from. Most structured interviews are an oral form of a written questionnaire or 
survey. A structured interview leads to a structured quantitative analysis but the fact that 
the set of responses is predetermined means that the investigator must have a very clear 
idea of the issues that need to be investigated. 
 
The get the most out of an interview it is important to ask good questions. Having a list 
of questions prepared serves two purposes:  

• It helps translate the research purpose into specific and perhaps measurable 
language.  

• It motivates the respondents to share their knowledge and thoughts about the 
area being studied.  

One thing to consider when designing the questions is to avoid multiple questions, such 
as questions which actually are a double question or a series of single questions that 
does not allow the respondent to answer them one by one (Merriam, 1988). It is also 
important to avoid leading questions, which can set up the respondent to accept the 
investigator’s point of view.  
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There are three basic ways of record the interview. The most common method is to 
tape-record the interview. In this way everything that is said during the interview is 
preserved. Another way of recording the interview is to take notes. This is not the best 
way to do it since it is impossible to document everything that is being said. A third way 
of recording the interview is to write down as much as the investigator remembers right 
after the interview. This is the least desirable way to record an interview. 
 
An interview is often opened-ended and less structured. While conducting the interview 
it is important to be neutral and nonjudgmental no matter how the respondent answers 
the questions (Merriam, 1988). However, it can be helpful to occasionally rephrase and 
reflect back to the respondent what he or she seems to be expressing and summarize as a 
check on understanding.  

3.7 Prototyping for Product Development 
To be able to evaluate a product design idea it is necessary to embody that idea in a 
prototype. A prototype can be made in different ways. The simplest way is a list of 
product benefits or product properties. At the other extreme is a fully working 
prototype.  

3.7.1 Visual Prototypes 
A visual prototype is simply a visual representation of a product. They can be paper-
based sketches or drawings or on-screen representations. Visual prototypes made with a 
computer can be created using software-based drawing or illustration tools or just using 
CAD (computer-aided design) tools. They can be supplemented with animations, 
written or oral descriptions of the functionality or interaction mechanisms.  
 
With visual prototypes, concepts can be evaluated against predetermined criteria or just 
be shown to people. By having these visual models the aesthetics and functional 
qualities can be judged (Jordan, 2000). It can also be effective to ask users about their 
perception of ergonomic aspects, such as ease of use. 

3.7.2 Models 
Models are physical representations of a product. They are useful when it comes to 
assessing whether the product would fit into its environment or checking whether the 
product’s physical dimensions are suitable for its purpose.  
 
When the model is made in its most basic form, the visual qualities of the product can 
be appropriately evaluated. A more sophisticated model can on the other hand be used 
for evaluating the product’s tactile elements (Jordan, 2000). Things that can make to 
model look and feel more like the actual product could be to include materials that add 
weight so that the models weight is accurately representative of the proposed product, or 
finish the surface so that it emulates how the product would feel to touch.  

3.8 Rapid Prototyping 
Rapid prototyping takes virtual designs and make them into a physical model. Virtual 
designs are made in a CAD program and by transforming them into cross sections the 
machine can produce the actual model. The procedure is done by layers of liquid or 
powdered materials. These layers are often glued or fused to create the final shape. 
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The standard interface between CAD and rapid prototyping is the file format, STL. This 
format approximates the surface of the CAD model with triangles (Quickparts, 2006). 
The more complex the surface, the more triangles are produced. A limitation for most 
materials and processes in rapid prototyping is the minimum feature thickness, 0.5 mm 
(0.02 inch).  
 
There are numerous rapid prototyping technologies and at Xpress3D (2006) three 
common methods are described: 

• SLA (Stereolithography Apparatus) – The process uses photosensitive resins 
cured by a laser. The laser traces the model’s cross sectional geometry layer by 
layer. 

• SLS (Selective Laser Sintering) – The process uses a CO2 laser to sinter or fuse 
powder material. The laser traces the models cross sectional geometry layer by 
layer. 

• FDM (Fused Deposition Modeling) – The process uses molten plastics or 
waxes extruded by a nozzle. The nozzle traces the models cross sectional 
geometry layer by layer. 

3.8.1 Fused Deposition Modeling 
Fused Deposition Modeling (FDM) is a solid-based rapid prototyping method. Solid-
based method means that the CAD model has to be solid and not made out of surface 
modeling (Quickparts, 2006). The method can be used with different materials as ABS 
polymer, polycarbonate, and waxes. The choice of materials depends on where and for 
what the model is going to be used (Xpress3D, 2006).  
 
The FDM machine melts the material that is wanted and then extrudes it through a 
specially designed head, the nozzle, onto a platform to create a two dimensional cross 
section of the model (Quickparts, 2006). After the first cross section is made the 
platform is lowered one layer thickness and the second layer is made. This continues 
until the model is completed. Thereafter the model can be taken out and any support 
structure can be removed. The whole system is contained within a heated environment 
to reduce the amount of energy needed to melt the material at the nozzle.  
 
The main advantage is that models made using FDM is very durable. The drawback is 
that since the extrusion is made in layers, they are still visible when the model is 
completed (Xpress3D, 2006). The method is ideal for conceptual models, engineering 
models and functional testing prototypes. The minimum wall thickness for the FDM is 
0.5 mm (0.02 inch) (Quickparts, 2006).  
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4 Results 
This section presents the results of the research, starting with the criteria for the design 
of the belt and then moving on to the survey and the mock-ups. In the end the final 
prototype is described.  

4.1 Product Specification 
To be able to make the belt as good as possible we adopted twelve criteria for the 
functions and requirements that we wanted to have in the belt. The criteria were: 

• Fit around the torso 
• Be able to carry necessary components 
• Adjustable or different sizes 
• Easy to put on and take off 
• Easy to turn on and off 
• Comfortable to wear 
• Comfortable when the user is sitting down and leaning back 
• Light weight 
• Stability for the sensor 
• Easy to understand how the belt works 
• Express simplicity of design to the user 
• Easy to keep clean 

4.2 Materials 
When a product is fabricated the materials can play a major role determining how much 
the user will enjoy the product. For example, the texture of the material can affect the 
way the product is perceived or a specific finish can make the material look more 
hygienic (Jordan, 2000). Another issue that has become more and more important is 
care for the environment which is highly connected to the choice of materials.  
 
Finding materials took a lot of time and was mainly done on the Internet. After ordering 
samples of materials, the materials deemed most likely to fulfill the criteria for 
functionality and comfort were ordered. This section describes the materials that have 
been used.  

4.2.1 Elastics 
There are different types of elastics; woven and knit are two of them. They are made of 
stretchable components and are known for easily resuming their original shape after 
being stretched or expanded. 
 
The woven elastics are recognized by their crosswise and parallel ribs, which create a 
windowpane effect (Narrow Fabrics, 2006). They do not narrow when being stretched 
and can easily be stitched through. Elastics can be woven from different fabrics, such as 
cotton or polyester, and are often woven with, for example, natural rubber.  
 
Knit elastics are inexpensive and the most common. These are available in a huge range 
of colors and sizes. They can be used in a lot of different applications. 
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4.2.2 Spandex 
Spandex, also called elastane, is known for its stretchability. It is a synthetic fiber that is 
stronger and more durable than rubber. Spandex fabric can be stretched from four to 
seven times its length without breaking. It can be stitched through without damaging the 
fiber. The fiber can be added to any type of fabric, knit or woven, and can give 
stretchability in several directions. Spandex can easily be stretched a lot, repeatedly, and 
still recover its original length (Denver Fabrics, 2006). It is also lightweight, soft and 
resistant to body oils and lotions. Spandex is commonly used in the clothing industry 
and makes the clothing more comfortable, improving the fit and providing freedom of 
movement. 

4.2.3 Cotton Stretch 
The material called Cotton Stretch is also a material from Denver Fabrics (2006). 
Cotton is used a lot in clothing and that was a reason for trying to use the material in 
this application.  
 
It was also important that the material that will be placed against the skin feel 
comfortable. Cotton stretch is a soft fabric. The stretch in the material was another 
important quality since it should move with the belt.  

4.2.4 TekStretch 
The TekStretch material is a product that Eastex Products (2006) has in their medical 
fabrics line. This is a material that is fluid proof but still able to stretch, either a two- or 
a four-way stretch. The two-way stretch is possible to stretch in one direction and the 
four-way stretch is possible to stretch in two directions. TekStretch has one side with a 
softer fabric and the other side is more rubber-like.  

4.2.5 Foam 
There are a lot of different foams. The foam called T-foam from AliMed (2006) is foam 
that recovers its original shape after being compressed.  
 
A product called Tubipad, also at AliMed, is elastic stockinet laminated to a foam strip. 
It works like a bandage and comes in three different sizes. This is a much softer and 
thinner layer of foam.  

4.2.6 Velcro 
The hook-and-loop fasteners brand name is Velcro and is used for connecting objects. 
Velcro consists of two different layers, where the hook side is covered with tiny plastic 
hooks, and the loop side is covered with even smaller plastic loops. Depending on how 
well the hooks are embedded in the loops determines the strength of the Velcro band. 
 
Velcro is widely used in many areas where there is a need for a temporary band. It is 
especially used in clothing where it has replaced buttons or zippers. The advantages of 
using Velcro are that it is easy and safe to use (Velcro, 2007). Something that is a 
disadvantage is that often becomes attached to other clothing, like a loosely woven 
sweater.  
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4.3 List of Components 
The belt has to contain components so the actual device can function. At this time the 
belt only needed to have the possibility to attach the tactors in a way that they could be 
driven. The other components were not developed to the point were they could be put in 
the belt. Therefore plastic boxes were used to show where the components should be 
placed and also to show their approximate size. The following components were divided 
into four plastic boxes: 

• Sensor containing the gyroscope and accelerometer 
• Battery 
• Processor 
• PCB (printed circuit board) for driving the tactors 

 

 
Figure 7 The plastic boxes in two sizes 

 
The plastic boxes, Figure 7, were ordered in two different sizes. Three boxes of the 
smaller size were ordered for the sensor, processor and PCB. The bigger box was a 
model of a battery. Their measurements were 57.531 mm x 38.481 mm x 14.859 mm 
(2.265 inch x 1.515 inch x 0.585 inch) for the small box and 57.404 mm x 40.894 mm x 
19.050 mm (2.26 inch x 1.61 inch x 0.75 inch) for the big box.  

4.4 Early Ideas 
Theses sketches represent some of the ideas that I had from the beginning. There were 
ideas of having it as a regular belt, being able to attach the belt to a woman’s bra and 
having a module system. An idea was to have suspenders to the belt as well. In Figure 8 
are some of the many different ideas are shown. 
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Figure 8 Sketches 

 
There were also different ideas on how the components should be attached to the belt. In 
Figure 9 two ways are presented for gathering the components in the same place. 
 

 
Figure 9 Enclosure for components 

 
To get a better idea of how these belts or enclosures should work, drawings were made 
in ProEngineer. The belt to the left in Figure 10 can be recognized from one of the 
sketches in Figure 8. The belt to the right is a new idea where the components enclosure 
acts as a firm part in the middle of the back and the rest of the belt is attached to the 
enclosure. The figure also shows models of the tactors placed on the inside of the belt. 
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Figure 10 Two belts drawn in ProEngineer 

 
The enclosure with components in the picture above was made in ProEngineer with 
models of the components. Figure 11 shows how the enclosure could look like inside 
with a sensor and a battery. 
 

 
Figure 11 Enclosure for components 

 
This phase of making sketches, both on paper and in ProEngineer, showed that it was 
time to make physical mock-ups. Then it would be possible to get a better idea 
concerning the sizes of the device and components.  

4.5 First Questionnaire 
This questionnaire provided information on how the questions were perceived and 
provided feedback on what might be important in the first mock-up.  The three subjects 
that were included in this small survey agreed that it would be acceptable to have to 
charge the battery only one time each day and that it would not be a problem to wear a 
belt under their clothes. They all thought that the part against the skin should be 
washable instead of replaceable. Two out of three said that they would accept having to 
put on two different pieces.  
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4.6 The First Mock-up 
With the human factors requirements 
in mind a first mock-up was made. 
The first mock-up, Figure 12, was a 
little different than the previous 
sketches because I had realized the 
gathering the components in the same 
place would make the belt bulky. The 
first questionnaire helped to point in 
the direction that the design of the 
mock-up would be an improvement 
over the vest. The size of the mock-up 
was decided mostly from the sizes of 
the tactors and other components. The 
belt could not be more narrow that the 
sizes of the components. 
 
The idea was to have an elastic band as a base inside the belt. That would make it easy 
to attach the components and the tactors. The tactors, which in this mock-up were 
models made of wood, were spread out at equal intervals and attached to the elastic 
band using Velcro.  
 
An idea to make the side against the person more comfortable was to use padding 
except where the tactors were placed. Tubipad was used but since the padding in it was 
not stretchy and the belt had to be stretchy, the Tubipad had to be sewed onto the elastic 
band with some extra material that could be stretch out along the elastic band. As you 
can see in Figure 13, the inside was not flat because of the Tubipad.  
 

 
Figure 13 The inside of the first mock-up 

 
The black pockets are for the components and the models of tactors are placed on the 
inside of the belt. The components were put in pockets made from spandex fabric. This 
would make them stay in place. In this mock-up there were three pockets for the 
components because the processor and PCB for the tactors were planned to be put in the 
same box. 

Figure 12 A top view of the first mock-up 
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To fasten and release the belt it seemed easiest to use a plastic buckle and a Velcro 
band. Other solutions such as using hook and eye or buttons were considered but 
rejected because they seemed to be much more difficult to use, especially for an older 
person with lower strength and reduced vision.   
 
The belt was covered in black spandex, Figure 14, and the belt was in this stage of the 
research work sewed together so it was not possible to open up the belt to see the 
components. This was a simplification of the mock-up but would still be realistic 
enough for the upcoming survey.  
 

 
Figure 14 The first mock-up 

4.7 Observations with the Vest   
As the survey, with a questionnaire and interviews about the belt, took place it was 
possible for me to make observations when three subjects used today’s working device, 
the vest. This was a chance to learn more about the vest and its problems. 
 
At first we asked the subject to put on the vest and make sure that it was tight enough to 
feel all tactors and putting it on required two other people’s help. The subject had to be 
standing up during this time and then got the chance to move the upper body in different 
directions to make sure that he or she could feel all the tactors properly.  
 
The tasks they were asked to do all included walking backwards and forward. At first 
the subject walked backwards and forward without having the vest turned on. When the 
tactors were turned on the subject was asked to try and keep them as quiet as possible, 
in other words the subject should try to stand as upright as possible. You could see that 
the subject was really trying to focus on interpreting the vibrations and using the 
information to maintain an upright position. After doing several sequences of regular 
walking the subject was allowed to sit down and rest for five minutes. 
 
After resting, the subject’s tasks were to 
walk on a carpet that had three lines, Figure 
15. There were two red lines on each side of 
a blue line that was situated in the middle of 
the carpet. The subject was first told to walk 
with each foot on the two red lines and still try to keep the tactors quiet. After 

Figure 15 A top view of the carpet with lines 
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approximately four trials the subject was asked to walk on the intersection between the 
red and blue line. They did not seem to have any trouble to walk on the red lines, but 
trying to walk narrower was in some trails difficult for them. At the same time you 
could see that the vest helped them to walk more steadily and they also commented that 
it felt better. Results were often better towards the end of every task.  
 
Another task the subjects were asked to do was to walk straight forward and turn their 
head up to the left and then down to the right. This made it impossible for them to use 
their eyesight to keep their balance. They had some troubles walking straight forward 
and tended to move to the side. By doing several trails and trying to use the information 
from the vest, their results became better.  
 
Two other tasks that were carried out were walking in sandals with 50.8 mm (2 inch) of 
foam rubber attached under the sandal and walking with blurred glasses on. This also 
made the subjects more unstable and they had small problems in the first trials. 
Performance at these tasks also improved towards the end.  
 
While observing these different tasks you could tell that the device was very heavy in 
the back. You could also see that the vest was very tight because it made the subjects 
stand up straighter than they did without it. All the subjects focused on getting a good 
result and they tried hard to use the information from the vest to be able to walk better. 
Practice gave improvements. Even though they seemed to be a bit tired after the tasks 
they all said that they enjoyed using the vest and that they really wanted to improve 
their results with the vest. The subjects also said that they hoped that this device could 
be developed as far as it could be used by people at home.  

4.8 Results from Survey 
Since the survey was divided in two parts, a questionnaire and an interview, the results 
are being presented separately. 

4.8.1 The Questionnaire 
The results from two questions in the questionnaire are presented in Table 1. As the 
table shows the answers indicated that most subjects would like to have the fabric layer 
against the skin be washable. Six out of eight subjects wanted to have it washable. Five 
subjects also wanted to have a battery that you only need to charge one time each day. 
The three other subjects did not think it would be a problem to charge the battery two 
times during a day.  
 
Table 1 Answers from the questionnaire 
What would you prefer; that the part against the skin would 
be washable or replaceable? 

Number of subjects 

Washable 6 
Replaceable 2 
Would it be okay to charge the battery several times during a 
day?  
No 5 
Yes 3 
If Yes, how many times?  
2 3 
3 0 
more 0 
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In Table 2 the different features are ranked from the most important to the least 
important. The most important features about the device was feeling trust in the device 
and the vibration feedback. After that hygienic issues and comfort are very important. 
 
Table 2 Ranking features from most important to least important 
Feature Importance 
Safety 4.50 
Feedback 4.38 
Hygiene 4.00 
Comfort 3.63 
Weight 3.63 
Width 3.13 
Thickness 3.13 
Appearance 1.75 

4.8.2 The Interviews 
The response to the first questions concerning the vest was a good start and showed that 
everybody except one thought the vest was comfortable to wear. Problems arose when 
they wore the vest for a long time since they found the vest to be heavy in the back. This 
was something they would like to improve.  They also wanted a better way to fasten and 
release the vest. 
 
The common reaction from the eight subjects was that the mock-up, in Figure 14, was a 
big improvement compared to the vest. The size of the mock-up was always mentioned 
a positive change even though the question about making it even smaller came up at one 
point. They thought the reduction in size would make in possible to wear the device 
underneath their clothes without feeling worried about it being too noticeable. The 
weight was also something they thought was important and had been reduced a lot in 
this version.  
 
Since the components have been spread out in the mock-up, the weight has been 
distributed around the body. They all preferred to have it that way instead of putting all 
the components in the same place. It did not seem to be a problem to have the sensor 
box in the middle of the back. Several subjects wore the belt and leaned back against a 
chair without feeling discomfort. 
 
The subjects preferred to have a device that is stretchable, like the mock-up, instead of 
having a non-stretchy belt that is exactly their size. The main reasons for this where that 
their weight fluctuates and the stretch makes the device more adjustable.  
 
An issue that was discussed at some length was the color of the fabric. The mock-up 
shown to these subjects was black and five of them did not like that. One reason was 
that if you are wearing pale colors then it the black color might show through. They 
thought that a beige or skin color would be much better. One woman mentioned that the 
black color also makes it more difficult to use, since it is hard to discern black on black. 
This would especially be a problem if you have poor sight. 
 
Another suggestion was to have different colors on the inside and outside to make it 
easier to understand which is inside and outside. Colors to indicate how to fasten the 
belt and which side is up and which is down would also be appreciated.  
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To fasten and release the belt a buckle and Velcro was used, which was appreciated by 
all of them. They thought it made the belt easy to put on and take off. One thing that 
would make it even easier is to have the Velcro longer. Then you could pull the Velcro 
through the buckle and then tighten the belt. 
 
The women were asked if they would be able to attach the device to their bra, but they 
did not like that. They thought it would only be one additional thing to do. It was the 
same comment when it came to having suspenders or some kind of straps. They thought 
that if it is possible to just wear the belt, then that is the best design.  

4.9 Prototyping 
After the survey it was important to try new solutions that would improve the first 
mock-up. The actual size and the main design were received positively and therefore it 
was decided to keep the basic design of the belt.  
 
New materials and materials in different colors were ordered and then tried. I made a 
few different mock-ups with different materials and different solutions on certain parts. 
Two problems that were left to solve were how the cover of the belt should be attached 
and where on the belt the buckle and Velcro should be put to get the best closure.  
 
The black spandex or the black TekStretch was tried as the first layer. Then the second 
layer, the one that should be possible to remove and wash, was made in two different 
ways. The cover was first made as a tube and then as a cover only for the inside of the 
belt. The later type of cover is showed in Figure 16 with two different ways for 
attaching the cover to the belt.  
 

 
Figure 16 Two covers for the inside of the belt 

4.9.1 Attaching the Tactors 
An issue that I had yet to solve was how to attach the real tactors. The simple models of 
tactors used in the first mock-up were attached with Velcro. The tactors needed to be 
attached in a way that would always keep them in contact with the skin but at the same 
time be easy to replace.  
 
The idea was to create a plastic holder that could keep the tactor in place and at the 
same time allow the tactor to be removed. In Figure 17 are sketches of ideas.  
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Figure 17 Sketches of tactors holders 

 
A few different ideas were drawn in the CAD-program ProEngineer to get a better view 
of how the holder would look and work. The chosen idea, showed in Figure 18, could 
be sewed onto the belt and had a small opening for the cable. The part that holds the 
tactor in place is the inner ring at the top. The drawing of the tactor holder can be seen 
in Appendix D. 
 

 
Figure 18 A CAD-model of the tactor holder 

 
By making the attachment points on the same side, as seen from the middle of the 
holder, the tactors could be removed in one direction. In Figure 19 you can see the 
points where the tactor holder can be sewed in place. Then it is possible to lift the other 
end of the holder, where the cable comes out, and pull out the tactor. The sloping sides 
should make it more comfortable and also concentrate the centre of the tactor against 
the skin. 
 

The inner ring that 
holds the tactor 

Opening for 
the cable 

Holes for 
sewing 
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Figure 19 The tactor in its holder 

 
The tactors holder was ordered from Quickparts and was manufactured with the FDM 
method in polycarbonate. The tolerance was set to zero on all edges against the tactor 
because it was important that the holder did not get too big. When we were able to try 
the manufactured parts with the real tactors it worked really well.  

4.10 The final prototype 
It was decided that we should have the belt in different sizes to be able to fit a large part 
of the US population. When the sizes had been decided the final prototype could be 
made. Here the making of the final prototype is described.  

4.10.1 Anthropometry 
It was decided that the final belt should be made in three different sizes and to make 
sure that the sizes would cover at least 90 % of the US population. The three sizes were 
small, medium and large and were decided from anthropometric data. By using the data 
between the 5th and 95th percentile, Figure 20, the measurements for the population will 
cover 90 %. 
 

 
 

Figure 20 Explanation of percentile 
 
The US population’s waist circumference, Table 3, ranges from 673 mm to 1147 mm 
and by making sure that the belts cover this area the belts will fit 90 % of the 
population. 
 

90 % of the population
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Table 3 Waist circumference, Adultdata 
 5th%ile (mm) 95th%ile (mm)  5th%ile (inch) 95th%ile (inch) 
Female 673 1074  26.5 42.3 
Male 875 1147  34.4 45.2 
TOT 673 1147  26.5 45.2 

 
To be able to decide what the measurement on the three belts should be it was important 
to see how the belt would be able to stretch. In Table 4, the three lengths of the three 
belts were decided to 686, 864 and 1041 mm. These sizes would fit all people with a 
waist circumference between 673 mm and 1147 mm, as you can see in the right column 
in Table 4.  
 
Table 4 Calculations on stretch 
Factor for stretch Should cover waist circumference 
1.3333  673-1147 mm (26.5-45.2 inch) 

 
Length of belt  
(mm) / (inch) 

Max length of belt 
(mm) / (inch)  

The size covers  
(mm) / (inch) 

S 686 / 27 914 / 36  686-889 / 27-35 
M 864 / 34 1143 / 45  889-1067 / 35-42 
L 1041 / 41 1397 / 55  1067-1295 / 42-51 

 
When it was discovered that each belt could cover a large part of the population, there 
were a possibility that these sizes would fit a larger part than 90 %. It was mostly about 
having the large size fit people that have a waist circumference larger than 1147 mm. To 
see what the waist circumference for the 99th percentile was the following calculations 
were made.  
 
The following equation was used: 

( )zsdmx p +=  
where 

xp is the percentile value to be calculated, for example x99 is the 99th percentile 
value 
m = mean 
sd = standard deviation 
z = standardized score 

 
For the 99thpercentile the following values were used, from Adultdata: 

m = 1011.4 
sd = 82.7 
z = 2.33 
 

The equation was the following: 
33.27.824.101199 ⋅+=x  

The 99thpercentile is: 1204,091 mm (= 47.405 inch) 
 
This result, 1204 mm, means that 1 % of the population has a larger waist circumference 
than this value. According to the right column in Table 4, this value is covered by the 
belt size large. In other words, the belts will fit an even higher percentage, the 90 % of 
the population plus the 4 % up to the 99th percentile, which results in totally 94 % of the 
US population. 
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4.10.2 Materials 
Here is a list of the materials that were used in the final prototype: 

• Elastic band, woven, white, 76 mm (3 inch) 
• Elastic band, woven, white, 6.4 mm (¼ inch) 
• Nylon spandex, black 
• Nylon spandex, beige 
• TekStretch, black, four-way stretch 
• Velcro, hook and loop 
• Velcro, stretch, loop, white, 51 mm (2 inch) 
• Velcro, stretch, loop, black, 25.4 mm (1 inch) 
• Velcro, sew-on, hook, white, 38 mm (1.5 inch) 
• Velcro, self attaching, black, 25.4 mm (1 inch) 
• Velcro, self attaching, beige, 25.4 mm (1 inch) 
• Buckle, nickel plated 
• Tactor holder, polycarbonate, white 
• Plastic boxes, black 

4.10.3 The Balance Belt 
With these materials a final prototype was made. The base consists of an elastic band 
that is 76 mm wide. To that base four pockets of spandex were sewed on. It was decided 
to have all components spread out as much as possible instead of only having three 
boxes of components, as in the first mock-up.  
 
The tactor holders were sewn on the inside of the base. To be able to thread the cables 
on the outside of the elastic band, a buttonhole was made close to every tactor holder. 
With a tactor in the holder the inside of the belt will look as the picture to the left in 
Figure 21. Since the belt has to be stretchy, the cables had to be able to move with the 
movement and therefore a thin elastic band was put on the upper and lower edge on the 
outside. How the cables should be threaded is shown to the right in Figure 21 .  
 

  
Figure 21 The tactor in its holder is showed in the left picture.  

The right picture shows the threaded cable. 
 
The base was then covered with a layer of black spandex. The spandex was sewn 
together at the ends and attached to the base. To be able to reach the components and 
the tactors, an opening was made on the outside of the belt as shown in Figure 22. 
Velcro was used to open and close this opening and the small fabric wings in the right 
picture are folded in to make the closure smooth. 
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Figure 22 The opening on the belt 

 
This opening makes it possible to change the components or replace a tactor if it breaks. 
A stretchy Velcro band and a buckle were attached to each end to work as the opening 
and closing of the belt.  
 
With this, the belt itself was completed. The next issue was the cover. The cover should 
be possible to take off and wash. The cover can be made in different colors to blend in 
with the subject’s skin. The cover for this prototype was made using beige spandex 
fabric because the beige color would blend in with a white person’s skin. This 
adaptation with color choice would make the belt less visible when for example wearing 
a white shirt over the belt.  
 
The cover is a tube to pull over the belt, Figure 23. It is attached with Velcro on each 
side. On the left end of the picture the Velcro is folded around the edge of the belt. This 
ensures that there are no seams or Velcro on the inside of the belt to get the best 
possible comfort for the user. To be able to have an alternative that was fluid proof the 
fabric TekStretch was used. A cover in TekStretch was made for the medium size. The 
cover was made mostly for showing that it is possible to have a surface that is fluid 
proof and at this time the fabric only came in black.  
 

 
Figure 23 The belt and its cover 
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Figure 25 shows the final prototype. The belt has its beige cover pulled on and contains 
all components. Figure 25 shows how the belt fits on a person.  
 

 
Figure 24 The belt with its cover on 

 

 
Figure 25 A person wearing the belt 
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5 Analysis and Discussion 
This chapter brings the thesis work together in an analysis and discussion. The research 
work and results are reviewed and my own opinions are included. The chapter talks 
about the project plan from a critical perspective and then discusses the different stages 
of the thesis. Finally future work continuing from this thesis is suggested.   

5.1 Comprehensive and Time Management 
I had the opportunity to work on this project during the summer of 2005 and that made 
the start of this thesis smooth. I already understood the goal for the project and how 
today’s working device, the vest, was used.  
 
The project plan was set up during the first couple of weeks and at that point it was 
difficult to foresee all activities that were to take place later on. This is why the survey 
was not in a part of the project plan from the beginning. But as soon as it was decided 
that I would conduct a survey it was included in the project plan as a part of making the 
prototypes.  
 
The survey in Buffalo was decided pretty close to the actual date for the survey. That 
put the making of the first mock-up under time pressure. 
 
I had planned to make three different mock-ups before the final prototype. This turned 
out to be only one complete mock-up and then a period of several simplified mock-ups 
to try different solutions on specific parts, like the cover for example.  
 
I would say that there were three periods of intensive work. The first period was during 
the making of the first mock-up and the survey. Then during making the final prototype 
in three different sizes and the third period was during the preparation of this report. 
 
According to the project plan the thesis should have been finished a few weeks earlier 
than it actually was. That was mainly because the final time at NMRC had to be totally 
dedicated to completing the prototypes and therefore there was not much time to write 
the report.  

5.2 Materials 
Finding materials, whether is was fabrics or buckles, has been difficult. It is time 
consuming to search for materials. A problem has been that most of the materials have 
only been seen at a company’s homepage on the Internet. Therefore some of the 
materials that were ordered did not meet expectations.  
 
It was also important to plan the orders and try to look in advance for what materials I 
would have to order more of. Otherwise I could end up with having to wait for the 
orders and could not proceed with the work.  
 
The materials that were used were most of the time easy to work with. I had some 
problems with sewing in the elastic band and the spandex fabric was a little bit slippery 
on one side. Some of the Velcro could also be difficult to sew in since it was a thick 
material. 
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5.3 The First Mock-up 
Since the mock-up had to be done in a short period of time, I did not have enough time 
to make a cover to pull over the belt. I do not think that this had a significant impact on 
the outcome of the survey. However, it could have led the users to generate more ideas 
on how the cover could look like. It is always easier to suggest improvements on 
something that you can see in its physical form instead of just picturing it in your head.  
 
I think that the mock-up managed to fulfill its purpose in a good way. The mock-up 
showed off the idea when it came to the size and how the components would be placed. 
It was also possible for the users to try on the belt and touch the fabrics.  

5.4 Surveys 
The first questionnaire was given to only three subjects who did not give enough 
information to base decisions on. However it could be used to see where the answers, if 
the questionnaire had been used by more subjects, could point towards. It was also a 
way for me to see how they responded to the questions and if any question seemed to be 
interpreted in a wrong way.  
 
The main survey in Buffalo was divided in three parts with observations, when the 
subjects used the vest in an experiment, and then a short questionnaire followed by an 
interview. In the following text I analyze and discuss these.  

5.4.1 The Observation 
The opportunity to make observations when three of the subjects used the vest while 
performing different walking tasks was offered to me a very short time before the actual 
survey should take place. This made the observations unplanned. If I had information 
about what tasks the experiments contained beforehand, it might have been easier to 
make the observations. I still think that being able to make these observations was 
important for getting a better understanding of how the subjects interact with today’s 
working device, the vest. Once again I got to see how complicated it is to put on the vest 
and also to see how the subjects got tired from the weight of the vest.  

5.4.2 The Questionnaire and Interviews 
The eight subjects included in this survey were very talkative during the interviews and 
tried to answer the questions as well as they could. They all wanted to contribute their 
experiences with the vest and how it is being a person with balance difficulties. Several 
of them were retired professors which mean that they had a genuine interest in research.  
 
The survey could of course have been more extensive if I had been able to meet more 
subjects. Interviewing another age group could also have been interesting, mostly to see 
if the answers would differ compared to the elderly age group.  
 
The interview in a group with four women had good discussions on each question and 
all of the women got a chance to share their comments and thoughts. The disadvantage 
is that they might have affected each other by their answers and that could have been 
obstructing for someone. Having the interview in a group could also have triggered 
them to new thoughts.  
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To make sure that the survey would be reliable and valid, I rephrased some of their 
answers during the interview to make sure that I had understood what they meant. I also 
recorded all interviews so I could go back and listen to or watch the interview later on 
when I was conducting the analysis.  
 
These surveys showed that the concept of having a belt instead of the vest was good. 
They all said that the mock-up was a big improvement and the size of the belt was 
highly appreciated. I was satisfied with the results and the good response made it easier 
for me to keep on improving the concept of a belt.  

5.5 Tactor Holder 
I could have explored totally different ways of making a way to attach the tactors than 
the type of holder that is used in the prototype now. The holder turned out to be a good 
solution and that was why I went with this solution. The development of the tactor 
holder was made towards the end of the project, so I would say that the time was also an 
issue that influenced the decisions regarding the holder.  
 
The FDM method was very good for this purpose and the result was a piece of plastic 
that was hard enough and had good real measurements when compared with the 
drawing. In other words, this was a good solution for this stage of the development.  
 
When the belt will come closer to a final product these holders may need to be 
improved. The most important improvement would be to get a better surface, and that 
will require another manufacturing method and therefore probably another material as 
well.  

5.6 Final Prototype 
I believe that the balance belt in three sizes is a good solution. The belt will fit a large 
part of the US population and is much more flexible than the vest, and an important 
reason for this is that the belt is stretchable. A belt without stretch would have required 
another way to adjust the belt or many more sizes. 
 
One thing to criticize is that the cover is a little bit difficult to put on the belt. I would 
have liked to make some kind of aid for that action, unfortunately there was not enough 
time for doing that.  
 
In the following the balance belt is discussed according to the product specification and 
according to the three levels of consumer needs described in Theoretical Frame of 
Reference. 

5.6.1 The Criteria 
Here the result, the prototype of the balance belt, is compared with the product 
specification: 

• Fit around the torso – The belt is made to fit around the torso. According to 
anthropometric data, the three sizes should cover 94 % of the US population.  

 
• Be able to carry necessary components – The four pockets, made out of spandex 

and with Velcro hooks on the belt side, can carry components. The pockets are 
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adjusted after approximate measurements of the components which mean that as 
soon as the components are ready to use they can be put in the belt. 

 
• Adjustable or different sizes – It could have been possible to make an adjustable 

belt that would suit any person but I think that would have made the design more 
difficult and complicated. Having different sizes makes the design less 
complicated and the stretch makes sure that the belt will be tight enough for the 
user to feel the vibrations.  

 
• Easy to put on and take off – The belt is much easier to put on and take off than 

the vest. Using a buckle and Velcro makes it easy for a person with reduced 
strength. 

 
• Easy to turn on and off – This is a criterion that I have not looked into much, 

mostly because the technology for the device is not ready to use. The idea I have 
is that there should be a button that the person presses to turn on the belt, and the 
system in the belt is calibrated automatically. 

 
• Comfortable to wear – According to the survey the vest is experienced as bulky 

and heavy. The belt is much smaller is therefore more comfortable than the vest. 
The weight is lighter and the material against the skin, spandex, is soft. 

 
• Comfortable when the user is sitting down and leaning back – The size of 

components has been reduced a lot. Now it will be possible to sit against a chair 
without having a big box in between. I think that even if there is a small box in 
the middle of the back right now, it will still be possible to feel comfortable 
when sitting in a chair. 

 
• Light weight – The components will be much smaller than today’s used in the 

vest. Their reduced size will make the total weight of the belt less. The new 
tactors weight a little bit more than those used in the vest but that will not have a 
big influence on the total weight. 

 
• Stability for the sensor – The place for the sensor, in the middle of the belt on 

the outside, is a pocket of spandex with Velcro inside to attach the sensor to. 
When it is time to attach a real sensor it might have to be more stable than that. 
Tests will have to be made on how well the sensor works in the belt. 

 
• Easy to understand how the belt works – Right now the prototype can be put on 

in a way that is easy to understand just by looking at the belt. The closure with a 
buckle and Velcro is also easy to understand and you can also see that there is a 
cover on the belt that can be removed.  

 
• Express simplicity of design to the user – The belt is clean from small details or 

other marks. The belt has a beige color when the cover is on and black if you 
take off the cover. The white Velcro blends in with the other colors. 

 
• Easy to keep clean – The cover is washable. A problem can be if the first layer, 

the black spandex, also becomes unclean. Using a cover with a material such as 
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TekStretch would make sweat or other moisture stay away from the first layer 
and the cover would still be washable. The disadvantage with using the 
TekStretch material right now is that the color is black.  

 
I think that the final prototype fulfills most of these criteria. The one that is least 
investigated is the criteria is Easy to turn on and off. I would say that this is the least 
important one at this stage of developing the belt and therefore I do not think it is a big 
problem. This will instead be a very important issue when the real components are to be 
implemented in the device.  

5.6.2 The Three Levels of Consumer Needs 
Here I discuss the final prototype of the balance belt on the basis of the three levels of 
consumer needs; functionality, usability and ergonomics, and pleasure, as explained in 
the Theoretical Frame of Reference.  
 
Functionality: 
The belt is in a stage were it is possible to connect the tactors to an external device that 
drives them. This means that the belt can be tested and evaluated on the basis of how the 
vibrations feel in the belt. The other components still have some development before 
they can be put in the belt.  
 
Usability and Ergonomics: 
The belt has been designed with the user’s needs in mind and the outcome is a design 
that is suitable to its users. The stretch in the belt makes it form a good shape around the 
torso and with the three sizes, decided from anthropometric data, the belt should fit a 
large part of the US population. 
 
The belt is also easy to open and close. With the Velcro band and buckle the closure is 
easy to understand and also makes it easy to close for a person with reduced strength.  
 
Pleasure – Hedononmics: 
When it comes to the user and talking about comfort, it is difficult to say anything 
definitive. As Vink (2005) explains: feeling comfortable is subjective and can only be 
evaluated by the user. Since I have not evaluated the final prototype from a user’s 
perspective I can not say how comfortable the belt is. However I believe that the belt is 
more comfortable than the vest. The belt feels lighter to wear and is much smaller and 
softer.  
 
The visual appearance is another aspect that is important when the user sees the product 
for the first time. This product will definitely get a good first impression because it 
looks neat and clean. The first reaction when I showed the first mock-up to the subjects 
during the interviews was that this device was a huge improvement compared to the 
vest. They all liked the size and how the fabric felt.  
 
Colors are also important. It was commented in the survey that a black belt might show 
through clothes. But with the beige cover the belt is easily concealed under clothes, 
even with a white shirt. The beige and black contrast is also a good combination for a 
person with partial sight or who has colorblindness.  
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5.7 Future Work 
There needs to be a new survey when users can try the balance belt with the tactors 
turned on. This evaluation would lead to more improvements that can make the belt 
come closer to a finished product. This survey should also assess how comfortable the 
belt is and if it feels easy to put on and take off.   
 
It might be a good idea to make an aid that helps putting on the cover. The cover is at 
the moment a little bit difficult to pull on and would probably be a problem for the user. 
There should be some type of tool that expands the cover so it becomes easier to pull 
over the belt.  
 
The technology for making the components needs to be developed. The size of them has 
been estimated to fit in the plastic boxes that are placed in the prototype right now. The 
final size of the components will of course affect the design of the belt.  



The Human Factors Design of a Wearable Balance Belt 
 

 43

6 Conclusions 
The conclusions presented here are drawn from the results and the discussion above and 
are summarized in a series of seven points. The first four respond directly to the 
research questions asked in the Introduction. 
 

• How could the device be made easy to fasten and release? 
By using a Velcro band and a buckle, the way to fasten and release the belt has 
been improved. This type of closure is easy to understand and is also easy to use, 
even for a person with reduced strength.  

 
• What kind of fabric could be used next to the skin to supply the needed 

functionality without making the user feel uncomfortable?  
After trying different materials, the final solution for the fabric next to the skin 
was a spandex fabric. Spandex is a soft fabric that feels comfortable and is 
possible to wash.  

 
• In what way could the design of the device be made without intruding on 

personal hygiene?  
The device should be worn next to the skin and therefore it was important to find 
a solution that made it easy to keep the belt clean. A cover that is pulled over the 
belt makes it easy to keep the belt clean. The cover can be washed and then used 
again. 

 
• How could the device be designed so the user would not feel uncomfortable 

while wearing it? 
The balance belt is designed to be much smaller than the vest. The reduced size 
makes the device more comfortable and weigh less. The smaller components 
have helped reducing the weight. Another aspect that makes the device 
comfortable is the choice of fabric because the spandex fabric is soft. 

 
• The final prototype was made in three sizes and can therefore fit 94% of the US 

population according to anthropometric data.  
 

• The final prototype was made for being used in a rehabilitation environment. 
Additional development will be necessary before the belt is ready to be used at 
home by a subject. The cover is still a bit difficult to put on and that also has to 
be improved. 

 
• An aid for pulling on the cover should be developed. This would make it easier 

and faster to put on the cover on the balance belt.  
 

• The next important step is to make an evaluation of this prototype with users. It 
needs to be investigated whether this device, with its new design, works as well 
as the vest. It is also important to investigate how they experience wearing the 
belt in terms of comfort and how easy it is to put on and take off.  
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8 Appendix 
Appendix A - The Project Plan 
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Appendix B – The First Questionnaire 
 

Questions for Vestibular Subjects 
Right now we are about to develop a next generation device. Instead of the vest it will 
be more like a belt. In this stage we are looking on the human factors design, which 
means how to make the device easy to use and comfortable. Since you have tried the 
vest before, we like to ask you some questions about the vest and also get some input 
for the future belt. 
 
General information 
Gender  
 Male   Female 
 
Age  
 31-40  41-50   51-60   61-70   71-80  81-90 
 
Type of balance disorder 
 
 
 
 
 
The vest 
How did you feel wearing the vest? 
Uncomfortable      Comfortable 

 1    2   3   4   5 
 
Do you think the vest helped you during the test? 
No, not at all       Yes, very much 

 1    2   3   4   5 
 
Do you think a device like the vest would help you in you everyday life? 
No, not at all       Yes, very much 

 1    2   3   4   5 
 
What do you think would be the most complicated thing when using a device like 
this everyday? 
 
 
 
 
What would you change about the vest to make it easier to use? 
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What would you change about the vest to make it more comfortable? 
 
 
 
 
 
The belt 
What do you think about using a belt that is two inches wide instead of the vest? 
 
 
 
 
Would it be okay to wear the belt under you clothes? 
 No   Yes 
 
Would it be okay to charge the battery several times during a day? 
 No, only once   Yes, several times 
 
If yes, how many times? 
 2    3   More 
 
Would it be okay to have two separate pieces to put on? 
 
 
 
 
What would you prefer; that the part against the skin would be washable or 
replaceable?  
 Washable  Replaceable  
 
On a scale from 1 to 5, 1 being ”not important at all” and 5 being “very 
important”, how would you rate these features on a balance belt? 

Not at all important  Very important 
a) Weight of the belt    1  2  3  4  5 
b) Comfort wearing the belt   1  2  3  4  5 
c) The appearance of the belt   1  2  3  4  5 
d) Ability to keep it clean   1  2  3  4  5 
e) The width of the belt   1  2  3  4  5 
f) The thickness of the belt   1  2  3  4  5 
g) The vibration feedback   1  2  3  4  5 
h) Feeling trust using the device  1  2  3  4  5 
 
Do you think the best place to have a device like this is around the torso? 
 No   Yes 
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If No, where would you prefer to wear a device like this? 
 On the head 
 On the arm 
 Above the chest 
 On the leg 
 
Women: 
Would you prefer to be able to attach the device to your bra? 
 No   Yes 
 
How often do you think you would use this device? 
Never         Everyday 

 1    2   3   4   5 
 
Other comments about the device 
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Appendix C – The Survey 
 

General Information about the Subjects 
 
Gender   
Male  _______ 
Female  _______ 
 
Age  
31-40  _______ 
41-50   _______ 
51-60   _______ 
61-70   _______ 
71-80  _______ 
81-90  _______ 
 
Type of balance disorder 
Vestibular:  Unilateral _______ 

Bilateral _______ 
Central/unspecified _______ 
 

Peripheral Neuropathy _______ 
 

Motor/ Musculoskeletal dysfunction _______ 
 
Other: 
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Questionnaire 
 
What would you prefer; that the part against the skin would be washable or 
replaceable?  
 Washable  Replaceable  
 
Why? 
 
 
 
 
Would it be okay to charge the battery several times during a day? 
 No, only once   Yes, several times 
 
If yes, how many times? 
 2    3   More 
 
On a scale from 1 to 5, 1 being ”not important at all” and 5 being “very 
important”, how would you rate these features on a balance belt? 

Not at all important  Very important 
a) Weight of the belt    1  2  3  4  5 
b) Comfort wearing the belt   1  2  3  4  5 
c) The appearance of the belt   1  2  3  4  5 
d) Ability to keep it clean   1  2  3  4  5 
e) The width of the belt   1  2  3  4  5 
f) The thickness of the belt   1  2  3  4  5 
g) The vibration feedback   1  2  3  4  5 
h) Feeling trust using the device  1  2  3  4  5 
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Interviews with Vestibular Subjects 
 
 
The vest 
How would you describe your comfort wearing the vest? 
 
 
 
 
Is there anything you would like to change about the vest to make it easier to use? 
 
 
 
 
Is there anything you would like to change about the vest to make it more 
comfortable? 
 
 
 
 



The Human Factors Design of a Wearable Balance Belt 
 

 56

The belt 
Information about the mock-up: 
We are testing a mock-up of a belt that may become an alternative to the vest.  The 
design of the mock-up has considered the following points:  First, the belt has to contain 
several components:  a battery, a processor, a sensor, and a new generation of tactors 
(small disks that produce the vibrations).  Second, the sensor should not be able to move 
around.  Third, since the new tactors are able to produce two different types of 
vibrations, they can be place in one row rather than in several rows, as in the vest.   
 
In this mock-up the sensor has been placed in the middle of the back. The battery and 
the processor have been placed between two tactors on each side.  A band of Velcro is 
used to fasten and release the belt.  Inside the belt there is padding to make it more 
comfortable. 
 
This device should be worn all day (8 hours at a time) as opposed to the short times 
during the experiments that the current vest has been worn. 
 
Please try to mention the three most positive and the three most negative features 
in using a device like this from your point of view.  
 
 
 
 
What do you think about the size of the belt? 
 
 
 
 
Would you prefer to have a belt that is stretchy or not stretchy? Why? 
 
 
 
 
Is there anything you would like to change about the mock-up to make it more 
user-friendly? 
 
 
 
 
What do you think would be the most complicated thing when using a device like 
this everyday? 
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Where around the torso do you think is the best place for the sensor (the biggest 
component)? Why? 
 
 
 
 
What do you prefer; having several components gathered at one place or have 
them spread out around the torso? Why? 
 
 
 
 
What do you think about the way the belt is closed? 
 
 
 
 
 
Would some other way of closing it be easier? Any suggestions? 
 
 
 
 
Would you like to have something more that makes the belt stay in place? 
Suspenders for example. 
  
 
 
 
Women: 
Would you like to be able to attach the device to your bra? 
 
 
 
 
Additional comments 
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Appendix D - Drawing of the Tactor Holder 
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