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Abstract

With a growing number of stroke patients anticipated as the elderly pop-
ulation increases worldwide, the costs of stroke rehabilitation will also rise
in the coming years. Successful self-rehabilitation at home is important for
keeping those costs down, and sustaining a patient’s motivation is crucial
to the success of self-rehabilitation. The use of musical instruments in self-
rehabilitation is beneficial for stroke patients, and the use of existing musical
instruments removes the risk of stigmatization and likely increase uptake.
This thesis focuses on how limited musical expression and high latency might
affect long-term motivation related to self-rehabilitation at home through the
use of modified existing musical instruments. The investigation includes the
use of a modified electrical guitar in both supervised and unsupervised set-
tings by hemiplegic users with either inherent (spastic) or acquired brain
damage (stroke) as well as by those with no brain damage in a supervised
setting. The thesis starts by introducing HCI in the context of rehabilitation
after brain damage and how music can contribute to rehabilitation. This is
followed by a presentation of the areas within assistive technology and mu-
sical expression, the existing literature in the area, and the three iterations
of the modified electrical guitar (The Actuated Guitar). As a contribution to
the research area, the thesis also presents seven papers within the area of
interfaces for musical expression.
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Resumé

Det forventes, at antallet af mennesker, som rammes af blodpropper eller
bledninger i hjernen, vil stige, eftersom den eldre andel af befolkningen
vokser verden over. Derfor er succesfuld selv-rehabilitering i hjemmet vigtig
for at holde omkostningerne hertil nede. For at selv-rehabilitering skal blive
en success, er det vigtigt at facilitere og fastholde en vedvarende motivation
hos patienten til at selv-rehabilitere. Brugen af musikinstrumenter er gavn-
lig for patienter med hjerneskade, og inddragelse og brug af eksisterende
musikinstrumenter er med til at mindske evt. stigmatisering og sandsyn-
ligvis oge brugen. Denne afhandling fokuserer pd, hvordan begraenset mu-
sisk udtryk og stor forsinkelse muligvis pavirker motivation over tid i forhold
til selv-rehabilitering i hjemmet, nar der anvendes et modificeret eksisterende
musikinstrument. Underspgelserne omfatter en modificeret elektrisk guitar
anvendt af delsidigt lammede brugere, som enten har medfedt eller erhvervet
hjerneskade, i bade superviserede og ikke-superviserede sammenheenge. Ud
over disse er der ogsa testet pa ikke-hjerneskadede personer i en supervis-
eret sammenheeng. Denne afhandling starter med at introducere HCI i en
hjerneskaderehabiliteringskontekst, og hvordan musik kan bidrage til reha-
bilitering. Dette er efterfulgt af en preesentation af eksisterende litteratur
inden for omradet og de tre iterationer af den modificerede elektriske gui-
tar (The actuated guitar). Som et bidrag til forskningsomradet preesenterer
denne afthandling ogsé syv artikler inden for omrddet brugergreenseflader for
musisk udfoldelse.
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Chapter 1

Introduction

The western world’s population is ageing. More and more people from the
huge "post-war” or ‘baby boomer” generation are retiring. Better living stan-
dards and improvements in medicine and health care have prolonged their
life expectancy. The combination of a growing population of elderly people
and a simultaneous decline in the birth rate presents a conundrum as the
minority must increasingly support the majority. This change in demograph-
ics will strain national health care budgets as health care costs increase in
tandem with a growing elderly population.

The number of stroke victims worldwide is also growing; 70% of stroke
victims are over 65 years of age [7]. In Denmark the number of stroke victims
will increase by around 40% by the year 2035 [3], caused by the gradual
increase in life expectancy. If the stroke rate increases by just 1% the number
of stroke victims will more than double by 2035. In 2001 treatment of stroke
victims in Denmark cost 2.7 billion DKK, which was, at that time, 4% of the
total health care budget [3].

Following a stroke, acute treatment starts with a focus on life-saving treat-
ments, limiting damage to the brain, and preventing new strokes. In the
following weeks spontaneous recovery happens during which the victim re-
covers some of their lost abilities along with rehabilitation of the most basic
functions. The victim is moved from the hospital to a rehabilitation center
where intensive rehabilitation continues until they are sent home. This can
take from a few weeks to half a year, depending on the severity of the per-
son’s disabilities [2].

When the patient is sent home they can find it difficult to keep up the
motivation to carry out self-rehabilitation [15]. Rehabilitation is hard work
that requires many repetitions to yield results, which can be extremely frus-
trating for the person, especially when they do not have a therapist to help
plan, motivate, and execute the rehabilitation. This can result in complete
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abandonment of any self-rehabilitation that otherwise could give them better
physical and cognitive skills and make them less dependent on others for
support and care.

Many of the devices designed for rehabilitation are large complicated ma-
chines or weights that are similar to those found in a gym made for static
repetitive exercises. This type of rehabilitation is good for people who are
motivated by repetitive exercises, but many end up abandoning this type of
exercise as it is not motivating in the long term. Stroke also has a social cost,
and many lose a large part of - or their entire - social network as they can no
longer do what they used to do, need special care, and thereby lose a part of
their identity.

A way to keep people motivated and active in their social circles is through
assistive devices that help them self-rehabilitate through activities they did
before they had the stroke. Help a person who loved to paint to keep paint-
ing. Help a woodworker who loved to turn vases on his lathe to keep turning
wood. Help a person who loved playing music to continue playing his in-
strument, etc. As with all assistive devices, however, these means are limited
compared to what the user could do before the stroke. The big question is
whether the limitations of the devices are too large and eventually cause the
person to lose motivation and abandon self-rehabilitation.

1.1 Hypothesis and Research Questions

Little research has been done within the field of interfaces for musical expres-
sion that explicitly targets people with physical disabilities. Of the research
that has been done the main focus has primarily been on alternate controllers
with highly reduced complexity and little to no resemblance of existing mu-
sical instruments. This research consists primarily of proof of concept studies
that look for new or alternate interactions. There is no focus on the long-term
implications of the controllers, either for general use or in a rehabilitation
context. Furthermore, there are no examples of studies that focus on how
to make interfaces that enable people to play existing musical instruments.
Increased self-rehabilitation eventually leads to less dependence on support
and aid in everyday tasks. Using already existing and established technolo-
gies (in this case, musical instruments), the user can tap into already existing
activities and materials supporting musical instruments.

For this thesis I have constructed the following hypothesis:
Enabling or re-enabling people with disabilities to play an existing musical in-

strument can serve as a long-term motivator for self-rehabilitation through musical
activity and improve their quality of life.



1.1. Hypothesis and Research Questions

For the purpose of testing this hypothesis I address the following research
questions:

* How can an electrical guitar be modified to make it usable for people with
hemiplegia?

* How does the potential reduction in musical expression through latencies or
delayed auditory feedback affect the ability to produce rhythmical music and
influence the level of motivation and long term use of the Quitar?

1.1.1 Motivation

As a musician I know firsthand the fun, joy, and satisfaction that playing
a musical instrument provides. Being able to play the instrument of one’s
hero, express oneself through music, learn and play along to one’s favorite
tunes, and write one’s own music are extremely satisfying and motivating.
Playing music is also a social endeavor through which one comes together
and interacts with other musicians to perform or improvise a tune as well as
interact with an audience that can enjoy and applaud the performance.

Some people are not so fortunate, however. Some never get to experience
the fun and joy music can give because of disabilities that prohibit them from
interacting with and playing musical instruments, while others are suddenly
unable to play an instrument because of a disability caused by, for example, a
stroke. Enabling people with no prior access to existing musical instruments
and re-enabling former musicians access to existing musical instruments are
the motivation for this thesis. The core idea is that playing a musical instru-
ment is so rewarding that all people should be allowed to try it.

1.1.2 Paper Overview

During my work on this thesis I published a total of seven papers. In this
section I briefly describe the papers and how the they connect to each other
and the thesis. An overview of the papers can also be seen in Table 1.1 on
page 9.

The Actuated Guitar: A Platform Enabling Alternative Interaction Methods (P1)
suggests an exploratory platform called the actuated guitar that facilitates
simple strumming and flexible mapping of user input for one handed use.
The platform utilizes a normal functioning electrical guitar fitted with an ac-
tuator for strumming and a micro-controller processing sensor data. The idea
the paper builds on is to modify existing musical instruments for a greater
feeling of empowerment and inclusion in society.
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The Actuated Guitar: Implementation and User Test on Children with Hemiple-
gia (P2) extends the work of (P1) as a proof of concept study, investigating
whether children in the age range of 11 - 13 were able to interact with the
actuated guitar as intended. The paper also investigates through interviews
how the children used music or musical instruments of any sort in their ev-
eryday life. The results show that children with hemiplegia were able to
interact as intended with the guitar, producing rhythmical movement across
the strings. The actuated guitar empowered the children by allowing them to
use a musical instrument that would otherwise have been impossible to play.
The interview revealed that the children used music like any other children,
but the use of musical instruments in school and at home were extremely
limited. The children were highly aware of their own physical limitations
and did not set goals, like playing a musical instrument, which seemed im-
possible.

During a stay at the Helena Elsass Center I observed a rehabilitation class
to get a better understanding of how the center carried out their rehabili-
tation. The publication Exercising the Tibialis Anterior Muscle of Children with
Cerebral Palsy for Improved Neuroplasticity using an Electrical Guitar (P3) is a
short paper suggesting how the actuated guitar, using a foot controller for
player input, can improve or extend a common exercise to improve dorsi-
flexion for combating foot drop. The paper discusses how the use of the
actuated guitar with a foot pedal could serve as functional therapy, going
from a passive to active exercise, neuroplasticity and thereby improving neu-
rorehabilitation to improve gait.

The Prospects of Musical Instruments For People with Physical Disabilities (P4)
is a review paper based on the knowledge gathered through my literature
review. The focus of the paper is within the field of musical instruments
for people with physical disabilities and looks at the current state of devel-
opment. It includes a survey of 16 custom designed instruments, augmen-
tations/modifications of existing instruments, and recent trends in the area
and provides insights for potential future work.

States and Sound: Modelling User Interactions with Musical Interfaces (P5) is
the second paper originating from the literature review. During the litera-
ture review it became evident that there was not a common vocabulary for
modeling and describing the musical expressiveness of an Interface for Mu-
sical Expression. The paper suggests a model based on the idea of states
to inspire the community to discuss and work on a common vocabulary to
further enhancer their work and research.

Latency is often described as the most important factor when evaluat-
ing sound devices, be it instruments or recording interfaces. But despite the
large amount of focus on this topic many musical instruments exhibit an in-
herent latency or delayed auditory feedback between actuator activation and
the occurrence of sound. To better understand how the latency of the ac-

6



1.2. Contributions

tuated guitar affected musically trained and non musically trained people I
published Hear You Later Alligator: How delayed auditory feedback affects non-
musically trained people’s strumming (P6). This paper investigates how Delayed
Auditory Feedback from the actuated guitar affects people’s ability to syn-
chronise the audible strum of the actuated guitar to a metronome beat at two
different tempi, 60bpm and 120bpm. Two different kinds of input devices
were used with feedback before or on activation to compare their individ-
ual performance. While 250ms Delayed Auditory Feedback hardly affected
musically trained test participants, when it was close to a subdivision of the
main tempo, non-musically trained test participants’ performance declined
substantially both in mean synchronisation error and its spread. Neither
tempo nor input devices affected performance.

A Longitudinal Field Trial with a Hemiplegic Guitarist Using The Actuated Gui-
tar (P7) investigates how the actuated guitar can be used to avoid a common
but significant problem for all rehabilitation, which is abandonment. A lack
of motivation often causes people to abandon their rehabilitation, especially
when it is carried out at home. During a three week period a post-stroke
former guitarist relearned to play the actuated guitar to see if it would help
increase motivation for self rehabilitation and quality of life. During the inter-
vention the participant had the actuated guitar at his full disposal. The study
showed that the test participant played 20 sessions, despite system latency
and reduced musical expression, and displayed signs of high motivation.
During the intervention he incorporated his own literature and equipment
into his playing routine and improved immensely as the study progressed.
The test participant was able to play on his own and keep a steady rhythm
that were in time with backing tracks that went as fast as 120bpm. During
the study the test participant was able to reduce his error rate to 33% and his
average flutter also decreased.

P1, P2, P6 and P7 try to answer the two research questions, while P3,
P4 and P5 try to broaden the field of research with interfaces for musical
expression.

1.2 Contributions

The thesis contributes a literature review, an artifact, empirical studies, and
a descriptive model to support the benefits of musical self-rehabilitation,
which T classify below according to Wobbrock’s classification of HCI con-
tributions [129].

* An in-depth analysis, classification scheme, and synthesis of the exist-
ing literature on assistive musical interfaces (P4 and more detailed in
Section 2.6), showing a non-existent approach of modified instruments
and poor descriptions of interactions.

7
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An artifact on conceptualising (P1) and implementing (P2) that enables
or re-enables people with physical disabilities to play an electrical gui-
tar.

Through empirical observations and analysis of training sessions of
physically disabled people, I identified exercises that could be replaced
by the input mechanism of and with the Actuated Guitar (AG) (P2)(P3).

A theoretical modelling approach to describe and summarise interac-
tions with musical interfaces by extending the work of Buxton [30] and
Hinckley [61] (P4, P5 and Section 2.6).

Empirical evidence that people with no musical training cannot over-
come long delayed auditory feedback even if it is close to a subdivision
of the overall tempo (P6).

A longitudinal empirical case study showing that the reduction of mu-
sical expression from simple strumming with the AG did not negatively
affect long term-motivation of a musically skilled person (P7).
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Chapter 2

Background

This thesis is within the field of human computer interaction, assistive de-
vices, and musical expression. This section will describe core areas of the
topics included in the thesis.

2.1 Human-Computer Interaction

The field of Human-Computer Interaction (HCI) focuses on the interfaces and
interaction between humans (users) and computers. HCI is no longer limited
to tall grey desktop computers with a monochrome monitor and a mechanical
keyboard. With advances in computer and input technology HCI has found
its way into all nooks and crannies of our everyday life and with Internet of
Things (IoT) around the corner the number of devices with which humans
have to interact will only increase.

2.1.1 Human Factors Model of HCI

A classic model in human-computer interaction is the human factors model.
This model demonstrates in a simple way how a human and a computer
interact through a common interface, see Figure 2.1 [66]. In the model the
human, on one side, obtains information from the interface using sensors.
These human sensors are the eyes, ears, nose, tongue, fingers, etc. that cover
distinctly different physical properties of the surrounding environment. Vi-
sion, hearing, and touch (haptics) are the most commonly used senses in
HCI. All the information received by the sensors is converted into electrical
signals and sent to the brain where the information is processed. Based on
the information received the human reacts using responders to, e.g. activate
controls on an interface. The human responders can be everything that moves
e.g. fingers, hands, and arms, but also vocal chords for microphones or eyes

11
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for eye tracking. The computer receives information from the controllers.
Just like the human sensors, the controllers consist of different components
(knobs, sensors, dials) that can be manipulated by the appropriate human re-
sponders. The computer registers the changes to its controllers and updates
the interface accordingly. The model can also be used to describe interaction
in a musical context. Bongers, for example, used this model to describe the
performer’s or audience’s interaction with musical instruments or musical
installations [28].

Interface

The Human Senses Light and Sound
Input Output
H;z;n Computer
Output Input
Muscle Movement Buttons and Sensors

Fig. 2.1: The human factors model describing the fundamental human computer interaction

2.2 Target Users

Brain damage is the leading cause of disability in developed countries. In
2009 alone 22.400 Danes over the age of 18 acquired some kind of brain dam-
age: 56% from a stroke or brain haemorrhage, 12% from traumatic brain
injury, and 32% from other causes such as aneurysms, Ischemia, tumors,
etc. [1, 14]. According to demographic change projections, that number is
likely to increase. On top of these causes, a small number of children are
born each year with congenital brain damage. Whether acquired or congeni-
tal, brain damage can affect a person’s physical abilities, e.g. by spasticity or
paralysis, and render them unable to participate in many activities without
assistance.

12
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2.2.1 Stroke

In Denmark 12.500 people per year suffer from strokes. 75.000 people live
with a diagnosis of either Ischemic stroke (blood clot in the brain) or hemor-
rhagic stroke (bleeding in the brain), and 50% of the victims suffer permanent
injuries as a result. A fourth of stroke victims are affected so severely that
they become dependent on care for the rest of their lives. Seventy percent of
the victims are over 65 years old [7]. Some of the general effects following a
stroke are hemiparesis or hemiplegia, fatigue, cognitive changes, behavioural
changes, and decreased field of vision. Common emotional effects following
a stroke are depression, apathy, and a lack of motivation [41, 48].

2.2.2 Cerebral Palsy

Each year 180 children are born in Denmark with cerebral palsy (CP) [8] and
about 10.000 people in the country live with different degrees of CP. This con-
dition is caused by damage to the brain during pregnancy or birth or imme-
diately after birth because of lack of oxygen, small strokes, haemorrhaging,
or infection. The damage is permanent but does not progress. Depending on
which areas of the brain are damaged and the extent of the damage, it can
cause paralysis, unwanted movements of the limbs, and/or difficulty eating
or talking. The most common type of CP is spasticity (75%), which affects
either one limb (monoperesis/monoplegia), one side of the body (hemipere-
sis/hemiplegia), the upper or lower body (diperesis/diplegia), or the entire
body (tetraperesis/tetraplegia). People with CP also suffer from increased
pain, fatigue, motivation and depressive symptoms [123] .

2.2.3 Rehabilitation and Brain Plasticity

The human brain is plastic and capable of continual change, which is an
important and fundamental re-organisational function of the human brain.
Throughout life, the brain changes both its functional and structural organ-
isation [93] through experiences and events encountered through life like
play, school, sports, games and free time interests. The brain is also capa-
ble to recovery from injury, like a stroke or a severe concussion, to coping
with the loss of sensory input like visual and auditory input [126]. This truly
astonishing functionality of brain plasticity is extremely important through-
out life and especially when learning but also 're-learning’ following e.g. a
brain injury. This knowledge about brain plasticity is used in rehabilitation,
following accidents, strokes or in cases of CP. Several studies shows that fo-
cused practice, like constraint-induced therapy (CIT) [55, 117, 128], can result
in further recovery, even after reaching a point with less progress in rehabil-
itation [117]. CIT as a method of rehabilitation is a standardised intensive
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rehabilitation intervention. The healthy extremity, normally arms or legs, is
constraint several hours a day, thereby forcing the person to use the impaired
arm or leg. The goal is to cause plastic reorganisation of neural networks
in the brain through an increase in repetitive use [128]. Rehabilitation and
limb-specific exercises are not only relevant for regaining functionality, but
are just as important for keeping existing functionality. People with weakness
in, for example, an arm can have a tendency to use that arm less frequently
and favour the better functioning arm, which can lead to an even weaker arm
and so on, causing a unending downward spiral.

Research in the mid-1990s caused a change in the paradigms used within
Music Therapy. The new shift focused on the relationship between music
and brain functioning by demonstrating experience-dependent plasticity [70,
120]. This suggested that music stimulates complex, cognitive, affective, and
sensorimotor processes in the brain [56, 68].

As seen in Fig 2.2, the general distribution of disabilities includes more
people with minor physical and cognitive disabilities (close to the vertical
axis) and few with major physical and cognitive disabilities (furthest away
from the vertical axis). Examples of minor weaknesses are weakness in or
lowered stamina of one or more limbs. The further one travels along the
x-axis the more severe the disabilities become, ending up in, e.g. locked-in
syndrome.

Normal Musical
Instruments

Assistive Musical
Instruments

9|doad jo JaquinN

Alternate Controllers etc.

Major Physical Disabilities Minor

Fig. 2.2: There are more people with minor physical disabilities following, e.g. a stroke or born
with CP, than people with severe disabilities. Source Professor M.D. Jens Bo Nielsen

2.2.4 Rehabilitation through Music

One of the most demanding cognitive challenges that you can give the hu-
man brain is music performance. This requires advanced and precise cog-
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nitive and motor skills involving auditory-motor interactions, that activates
a number of areas in the brain such as the Superior Temporal Gyrus, the
Frontal Cortex, the Dorsal and Ventral Premotor Cortex, the Motor Cortex
and of course the Audio Cortex [130]. This is a broad brain exercise and
why musicians often are used as examples of brain plasticity. G. Schlaug
et al. [113] compared the brain and cognitive effects of young children who
were musically trained or non musically trained. The results showed that at
an early age certain transfer effects started to emerge, and got continually
more pronounced with musical training showing a clear differences between
the brains of musically trained and non musically trained.

Not surprisingly the structural changes appear in areas linked to musi-
cal training but interesting structural differences also occur in other areas as
well. This indicates transfer effects, which could indicate that people playing
a musical instrument could benefit of transfer effects in other areas of the
brain as well. Research in this area shows that general cognitive rehabili-
tation and physical rehabilitation could benefit from playing music. Acute
stroke patients receiving gait training using simple Rhythmic Auditory Stim-
uli (RAS) (prerecorded music with metronome overlay) also show significant
improvements in regards to gait velocity, stride length and stride symmetry in
comparison to those who have received normal gait training for stroke [118].

Research and increased interest in the field of neuroscience and brain
plasticity has changed the landscape of music therapy. Music therapy is of-
ten associated with areas such as relationship building, emotional response
and well-being with. Over the last 20 years a new model called Neurologic
Music Therapy [119] that are focusing on rehabilitation following strokes has
grown rapidly. S. Schneider et al. has in a series of papers [16, 114, 115]
compared the commonly used CIT rehabilitation method, used to improve
motor skill recovery, to a music-oriented approach. Schneider et al. suggests
a method called Music-Supported Therapy (MST), that builds on repetition
and drawing on the additional benefits of active music making as mentioned
above. Compared to conventional (CG), functional (FG) the results showed
MG as a big improvement in many of the test parameters both pre- and post-
test when compared to CG and FG. Their results were not conclusive and
further tests should show which variables are significant. Even though, there
are interesting and promising aspects of music creation that produce better
results than traditional rehabilitation methods [115].

2.2.5 Empowerment and Quality of Life in a Musical Context

Besides the many beneficial effects of music on the brain, musical abilities
and skills enable one to participate musically in society and its culture. Mu-
sical Empowerment is not about individual skill level, although it is highly
regarded in some cultures; rather, it is about the process of regaining the right
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to perform music. Musical Empowerment gives people a sense of autonomy
and agency, providing access to existing resources in the surrounding musi-
cal context to make choices and follow plans set by oneself. In everyday life
the ability to perform music is a construct to emotional experiences, social
experiences, and identity [106]. The ability to play an instrument can be an
important contributor to self-esteem. Quality of life in general is a highly
subjective matter that involves many parameters heavily affected by social
and cultural contexts. However, being involved in music generally strength-
ens one’s sense of identity, and a strong and differentiated identity is one of
the factors that increases quality of life [109] [108].

2.3 Accessibility and Assistive Technology

According to Henry et al., “the purpose of accessibility is to provide equal access
for people with disabilities.” This access is not only physical access to a certain
environment or location; it also includes products, devices, services and en-
vironments [60, 90] and, for the purposes of this thesis, musical instruments.
Accessibility can be direct, where small modifications or changes in the gen-
eral design allow improved access - like wider doors, on-ramps or specially
designed web sites. Accessibility can also be indirect, where access requires
the use of Assistive Technology, which refers to a broad range of devices, ser-
vices, strategies and practises that give support, aid, or help to people with
various disabilities. Assistive technology helps the user gain greater inde-
pendence and perform tasks they otherwise would be unable to do. Cowan
and Turner-Smith defined this as “an umbrella term for any device or system
that allows an individual to perform a task they would otherwise be unable to do or
increases the ease and safety with which the task can be performed.” [37]

2.3.1 Abandonment

A major problem when talking about assistive technology is abandonment.
According to Trefler and Hobson [122], use of assistive technologies should
be as simple as possible in order to avoid abandonment by the user. A device
or technology that is too complex can cause the user to reject it even before
they have taken the time to learn how to use it. Complexity can also result in
long-term abandonment, a situation in which the user starts using the device
but stops using it over time due to frustration. Philips and Zhao identified
four significant factors related to device abandonment: lack of considera-
tion of user opinion, easy device procurement, poor device performance, and
change in user needs or priorities [99]. These factors seem obvious, but then
again few people use the advanced functions of TV and DVD player remote
controls. In Hierarchy of Assistive Technology [122] Trefler and Hobson sorted
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assistive technology from the least complex and also often least expensive,
such as adapting an activity or task, to the most complex and often most ex-
pensive, designing and creating custom devices for a single user. According
to this schema, one can start at the top and try to solve the problem with the
least complex and intrusive method. This can help, e.g. therapists, practition-
ers and designers, choose the correct assistive technology to avoid potential
rejection or abandonment.

1. Adapt the activity or task.

2. Select a device that is commercially available for people without dis-
abilities.

3. Select commercially available rehabilitation products.

4. Combine commercially available rehabilitation products in innovative
ways.

5. Modify existing commercially available rehabilitation products.

6. Design and create a new device for a specific individual.

2.3.2 Modalities

In HCI the communication between sensors and responders is categorized as
input and output modalities. A modality is a single communication channel
for either sensory input or responder output between, e.g. a human and a
computer [28]. Systems using only one modality are called unimodal and
systems using more than one are called multimodal [111]. Commonly used
modalities are vision, audition, and haptics.

Obrenovic et al. suggested describing HCI as modalities where different
communication channels are established between user and computer, who
pass through four possible interaction constraints: User, Social, Environmen-
tal and Device. Each channel can either be unaffected, limited by reduction
or filtering of information, or broken, when no information can pass through.
User constraints are most often seen in disabilities that present a reduction in
sensor and responder input and output. Device constraints are an expression
of the device characteristics, e.g. a mouse can only capture movement in two
dimensions. Examples of environmental constraints include when the user is
unable to drive the car, should not watch a screen, or the environment is too
noisy. The social constraint describes a social situation in which the interac-
tion occurs, e.g. silencing one’s phone when in the company of other people.
The user constraint could present a problem when, for example, a user has
impaired vision and visual modality is reduced or filtered. If the user, on the
other hand, is completely blind or his vision is heavily impaired the visual
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modality channel is broken and communication cannot take place [94], see
figure 2.4 for a graphical representation.

Accessibility issues

Device  Environment Social User
constraints  constraints constraints  constraints

_________ x Y |- - - - EREEERR. - - - RN - - - I

..... ber S (R R S .

Multimodal issues

°—> An effect (message)
-->< - Broken link (no effects can pass through)

0 .} - Link with reduction or filtering of effects

Fig. 2.3: Obrenovic’s model of Modalities, constraints and effects. (With permission from author)

2.4 Designing Assistive Technology

When designing assistive technology for users with disabilities, one often
works with a set of requirements. These requirements can be established
through a requirement analysis when one looks at the environment of use,
who the users and stakeholders are, and what the tasks and goals are [82].
Obrenovic’s model of modalities, constraints and effect (see Section 2.3.2 and
Figure 2.4) highlights four accessibility issues that should be taken into ac-
count when designing assistive technology: the nature of the disability (user
constraints), whether the user has any reduction in or broken modalities, the
context of use (environmental and social constraints), where and how it is
going to be used, and which technology is available (device constraint), e.g.
do the sensors have high latency or low resolution?

24.1 Embodied and Tangible Interaction

Baskinger and Gross define the term tangible interaction as form + comput-
ing [22]. Interaction has always been tangible, but a new paradigm is arising
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with embodied technology in tactile objects that provide a seamless integra-
tion of form and interaction. This integration can enhance our experience and
is adaptive, responsive, thinking but still a physical object. Tangible interac-
tion, like the guitar, can draw on skills and integrate knowledge from many
areas such as traditional design, engineering, computing, robotics, electron-
ics, and programming. According to Basking and Gross the area is still new
and: "The vocabulary of form, function, and behaviour of computationally enhanced
products is still very much under construction; this yields some work that is an engi-
neering triumph yet awkwardly made, or work that is elegant and clever but without
apparent function.” Although the article was published in 2010 this point still
holds true, despite the fact that we see more and more objects becoming form
+ computing.

Embodied interaction has many similarities to tangible interaction as its
focus is bringing interaction into the human’s physical world in order to
involve the human’s physical being. Dourish says "how we understand the
world, ourselves, and interaction comes from out location in a physical and social
world of embodied factors.” [43]. Rex Hartson and Pardha Pyla define embodied
interaction as: "interaction is one in which a participant relies on the senses to
reach a new fidelity of realism, often using motion or gesture as triggers." [5]

2.4.2 Physical Computing

The term Physical Computing covers systems that can interact with the world
around them [62]. It is a broad definition and can cover everything from
interactive art installations to automatic watering systems. Most often the
term Physical Computing is used when talking about a combination of micro-
controllers and sensors. These are used in, e.g. education, research, art, IoT,
DIY Hobby driven by Arduino, Raspberry Pi, and the BBC micro:bit [62], see
Figure2.1.

Physical Computing is not limited to a certain area, but projects in Phys-
ical Computing often try to improve quality of life in some way. This can
range from something small, such as a device that reminds you to water your
plants, to something large that can have a profound impact on a person’s life,
e.g. someone living with disabilities [10].

With advances in computing, especially small SoCs (system on a chip)
with lower and lower power consumption and higher and higher processing
power, Physical Computing is no longer tethered to a wall but is becoming
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