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Abstract. Embedded intelligence is radically changing the way designers con-
ceptualize and develop technological artifacts. The use of smart materials to de-
sign products are uncovering new ways to interact with users so as to engage,
entertain and inform them, coding new languages of communication. This study
investigates how Smart Materials could support the monitoring of the user’s
health condition in rehabilitation situations through an embedded input/output
system, and how the occurring feedback could be perceived as unobtrusive,
easy to understand and motivating. In this study, Flexers, an interactive finger
splint is presented which includes adaptive and sensitive materials as a vehicle
to achieve an intuitive interaction that promisingly shapes the occurring product
experience with renewed engagement of the user. The results suggest that the
use of smart materials combined with light based feedback could be used as a
motivating tool for engaging the user in the rehabilitation activity.

Keywords: Smart Materials - User Experience — Human Centred Design — In-
teraction Design.

1 Introduction

In the last decades material sciences have made technological advancements and
discoveries that have radically changed the role consumer products have in everyday
life [1], [2], [3]. As a result, technology is progressively more embedded in daily life,
producing novel experiences that are enhancing the way the environment and the
interaction with products support and entertain us. For example, the Waterradio® by
Clemens Winkler combines the technical capacity of a sensor-actuator system on a
wooden table with the aesthetic of the natural material to create a unique, new
synthesis of surface intelligence. The surface becomes acoustically active when
touching water accidentally spilling out of a glass; Christian Iten, Daniel Lithi &
Emanuel Zgraggen designed “Tangent — a multi-touch surface”?, interactive multi-
touch interface that can be used by a number of users at the same time to develop new
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intuitive forms of interaction; the Hug-ShirtTM by CuteCircuit® is the world’s first
Touch (Haptic) Telecommunication Device that virtually transmits and receives hugs.
In the realm of product design, materials play a fundamental role and they are selected
for creating certain experiences and the associated meanings through their
characteristics [4], [5]. Based on the view that products are enabler of a users’
experience and not their focus, materials should nowadays be considered for their
dynamic and responsive qualities (input-output), which could change their properties
on demand and adapt to ever-changing user requirements without the need of further
mediation/interface, e.g. peripheral devices for input or output.

The field of care & well-being has been identified by many researchers [7] not only a
growth market where the applications of Smart Materials result beneficial to their
users, but it is also an area where intuitive-to-use, attractive and non-stigmatizing
products can make a real difference. For example, designing for ageing population
requires more and more solutions that allow older adults to live independently [8],
while people with eating disorders such as obesity, demands specific products to
monitor their health and describing correct eating patterns. Example like Future Care
Floor [9] shows an instrumental integration of the SMs materials into the home
environment. This sensor floor seamless integrates piezoelectric sensors to support
old and frail persons living independently at home. The purpose of this application is
to detect abnormal behavioural patterns of the inhabitant and activate rescue
procedures in case of falls or other emergency events. In this vision, all around
matter should be responsive, adaptable and able to convey information without any
additional level that could be perceived as intrusive by the user. A particular area of
interest where Smart Materials interactions have been proven to be useful is in the
field of rehabilitation and sports. For example products like “Radiate Athletics”*
adopt thermochromic pigments to enrich sport garments with the ability to display the
body area positively affected by the training performance; Mickael Boulay® designed
“Measure less to feel more”, a diabetes reader that reduce stress on user while
measuring blood sugar level by creating an emotional and engaging experience
through dynamic colour effects.

The context of investigation of this paper is grounded on the British Health and Safety
Executive (HSE) reports, estimating 201,000 total cases of upper limb disorders of
working people, which led to 3.2 million working days being lost in 2013/14 [10].
Musculoskeletal finger injuries is considered an emerging field of investigation where
innovative design solutions can counteract the long recovery time, prevent further
damages to the tendons and improve the overall experience. A tear to the tendon can
take 12 weeks to recover to full strength and up to 6 months to regain a full range of
motion [11]. This is a key problem, as patients do not intend to stop using their hands
for normal daily activities, therefore potentially causing further damage.

Departing from most of the current literature on Smart Materials, the overarching goal
of this paper was to explore how to improve the experience of a rehabilitation device
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designing a smart interaction between the user and the product through the
application of Smart Materials. This approach in return would help the design
community to conceptualize and realize immediate products that is those where the
interaction is directly with the product without the intervention of additional
interfaces. The potential benefit of this approach is to design technologies that are
readily available to a wider inclusive audience, and people can focus on the task
which they are involved without concentrating on their interaction with the mediating
device. In light of the Human-Centred Design approach [6], this study is based on the
assumption claims that Smart Materials can be adopted to simplify the product
interactions; the user will therefore benefit from new communicative languages that
designers are guided to shape though the dynamic and interactive properties of the
Smart Materials. The aim of this paper was to investigate how dynamic materials
could support the monitoring of the user’s health condition in rehabilitation situations
through an embedded input/output system, and how the occurring feedback could be
perceived as unobtrusive, easy to understand and motivating for the user. The
overarching objective of this work is to design an interactive hand rehabilitation
device where sensitive and interactive materials embedded on and within the device
could be able to detect changes in the human body and translate the acquired
information into intuitive feedback. The ultimate user testing will demonstrate how
the novel interaction designed guides the user through the recovery process of
musculoskeletal problems. In this paper Flexers, an interactive finger splint, which
has been designed by means of adaptive and sensitive materials, is presented as a
vehicle to achieve an intuitive interaction that promisingly shapes the occurring
product experience with renewed engagement of the user.

2 Smart Materials and their applications: State of the Art

“Smart Materials™ (SMs) is a relatively new term for materials that have changeable
properties and are able to reversibly alter their shape or color in response to physical
and/or chemical influences, e.g. light, temperature or the application of an electric
field [12]. The Knowledge Transfer Network defines SMs as “materials that display
smart behaviours”®. A smart behaviour occurs when a material can sense a stimulus
from its environment and can react to it in a useful, reliable, reproducible and usually
reversible manner. SMs also incorporate features such as sensors and actuators, which
are either embedded within a structural material or else bonded to the surface of the
material allowing control [13]; the control capabilities permit the behaviour of the
material to respond to an external stimulus according to a prescribed functional rela-
tionship or control algorithm. This engineered ability brings materials to be applied
not only for their physical substance, but also for a combination of input/output sig-
nals triggered. A large body of research has been published on the properties of SMs
in the last decades as presented in Table 1. However, there is currently lack of a clas-
sification of the dynamic properties of the smart materials that can be used support
and build the user experiences and novel interactions.
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Table 1. Classification of Smart Materials (SMs)

Gandhi Banks Culshaw Srinivasan Addington
etal. etal. etal. etal. etal.

(1992), (1996), (1997), (2001), (2005),
[13] [14] [15] [16] [17]

Ritter
(2007),
[12]

Electro-rheological

fluids X X X

Piezoelectric materials X X

Shape-Memory materi-

X X
als

Fiber-optic X X X

Electrostrictive Ele-
ments

Magnetostrictive Fluids X

Sensing technology:
physical measurement,
chemical and biochemi- X
cal sensing in structural
assessment

Actuator Techniques:
Piezolectric and Electro-
strictive materials,
Magnetostrictive mate-
rials, Shape Memory
Alloys, Electrorheologi-
cal Fluids, Electromag-
netic Actuation

Magnetorheological
fluids

Vibration absorber

Biomimetic materials X

Property- changing
materials:
Shape-Changing materi-
als, Colour and Optical- X X
ly changing materials,
Adhesion Changing
materials

Energy Exchanging
materials:

Light Emitting materi- X X
als, Electricity — Gener-
ating materials

Matter — exchanging
materials

According to the existing literature, information to the users and type of stimuli to

action can be delivered in different ways as follows:

e Augment the expressive and interactive potential of common materials such as
in the studies [17], [19], [20], [21];

o Create products that can act and respond without mechanical parts: [22];




e Create products that can act and respond autonomously to changing environmen-
tal condition [23], [24].

Designers and engineers are starting to deploy the properties of materials to enhance

the experience unleashed by products and unlock design opportunities for creative

applications. It is therefore reasonable to imagine that products with SMs embedded

will not be designed only to improve a functional feature of the product, but mostly

to afford and support a more meaningful and immediate interaction with the users.

3 Methods

The investigation carried out in this work was based on the Human Centred Design
approach [6] as a way of using experience to design better products. The method
initially focused on existing products and then focused on capturing and
understanding users’ experiences so as to attune the product to their requirements.
The method followed the following steps:
e benchmarking and product analysis on the available products on the market;
¢ Adopting the principles of gamification so as to define concept requirements
for enhancing product engagement.
e Identification of representative concepts directions based on existing
products;
e Contextual interviews with physiotherapists, occupational therapists and
patients who had suffered from finger injuries to discuss the concepts
identified and get novel directions on further developments.

3.1  Benchmark and existing finger splinting products

Most finger splints can be split into four categories as shown in Figure 1. The choice
of which splint is used is dependent on the injury and the severity of it. Each type of
splint has a different level of restriction, ranging from immobilisation of a single joint
to the whole hand. Most splints tend to support the injured area statically but there are
also dynamic versions available.

Fig. 1. Existing fingér splinting products: a) Joint, b) Finger, ¢) Full finger, d) Full finger.

3.2 Gamification by Design

By analysing the current patient experience, it is possible to identify how the recovery
process could be enhanced through the integration of SMs and the gamification of the



experience to keep patients engaged and adherent. Zichermann and Cunningham [25]
define gamification as “The process of game-thinking and game mechanics to engage
users and solve problems.”. The gamification of a product is not necessarily about
turning it into a game, but using the elements of a game to change the way a human
interacts and behaves when using a product to make it more engaging [26]. Three
main aspects of gamification [25] were adopted to develop the device: motivating the
user, through different levels of difficulty and providing feedback on progress;
empowering the user, giving him all the tools and guidance they need to complete his
objective; re-engaging the user, by creating a loop of engagement that encourage him
to reiterate the interaction.

3.2.1 Motivating the User

Psychological motivations could be split into two main categories: intrinsic (internal)
and extrinsic (external). It is possible to argue in a medical context that the personal
desire to make yourself better is a bigger motivational factor than other people’s
views. [25]. Because of this it is possible to look at Mark Lepper’s design principles
for intrinsic motivation and see how they can be used to encourage someone to help
themselves. They include: giving the user some control of the activity and when they
complete it; continually challenging a user through different levels of difficulty and
providing feedback on progress. Providing a level of curiosity that encourages user to
learn more about the process. Contextualising the process they are completing so they
learn about what they are doing and why [27].

3.2.2 Empowering the User

A key part of gaming design is giving the player all the tools and guidance they need
to complete their objective. The book Gamification by Design sums up this theory by
using the metaphor of a Sherpa guiding a person up a mountain. “Be their sherpa.
Give them the status, access, power, and tools to get them where they need to go. Do
it right and they’ll be yours forever” [25]. This means that you do not need to
complete the task for the user, you just need to equip and encourage them to do it for
themselves.

3.2.3 Re-engaging the User

If playing a game was a linear experience people would lose interest and stop playing,
this is why games are built as a loop of engagement. Kumar splits into four key
stages: “motivate emotion, call to action, reengage, feedback and reward” [26]. By
creating a loop of engagement you encourage a user to interact and reward them for
doing so, a form of positive reassurance and reinforcement.



3.3  Exploratory Investigation and Concept Refinement

The preliminary investigation led to a refined concept where both technical and
experiential parameters where considered. Particular attention was given on the
efficiency of the light signals and the understand ability of the whole interaction.
Whilst currently there are a large number of static and dynamic finger splints
available on the market, there isn’t a portable splint or a device that allows the patient
to dynamically monitor their own injury. As a result that means that there is a niche
for this kind of product that is only possible due to current advances being made not
only SMs, but the smarter implementation of them that make them more accessible
and usable to potential users. Three concept directions were initially chosen, as shown
in Figure 2, each based around using light as a feedback method to the patient, but
allowed for different levels of freedom of movement.

e Fixed - Improving traditional static splinting by using light based feedback as
a stress indicator for when the user moves or tenses their fingers too much
whilst wearing the splint.

e Flex - Using light based feedback to guide dynamic splinting, to provide the
user with information regarding the controlled movement of the splint and
highlighting when they are moving too much or too little.

o Free - A ‘visual’ splint that has no physical restriction, but instead guides the
user only through light based feedback about when they should or not should
be moving their finger.

o ()}

Fixed Flex
-

Fig. 2. Three design concept directions based on existing products.

Based on these three concept directions, a focus group with physiotherapists,
occupational therapists and people who had suffered from finger injuries was
performed with the intent to get direction of further design development. The experts
in the focus group agreed on the design of a progressive splint that did not focus on
one concept route but focused on adapting to the recovery process, allowing for more
movement overtime guided by light, to help a patient recover quicker and better. The
splint was divided into a main body and attachments to allow for interchangeable
components. In the long term this would allow for a range of different attachments
that allow for different ranges of movement that target specific joints. Figure 3
highlights the main areas of strain in the finger. The splint would work by having
interchangeable components that would allow for a gradual progression of movement
in the device; these components could also change the level of protection provided to
the finger. This means that over the course of the recovery, the patient would be



allowed to move their finger more and reduce the size of the splint. Light based
feedback would be used to provide warnings to the patient when they are using their
finger too much as to be counterproductive to recovery.

Highlighting areas of strain In the finger

| — =

Can register large forces or
excessive repetitive motions

The idea Is to keep the
hand In a relaxed position
so the light stays off.

Fig. 3. Highlighting areas of strain in the finger.

In order to create a structured process for design development, it was decided to split
the prototyping into the following different key design functions: electronics and user
interface; splint main body; splint attachments and strap. This prioritised the most
important functions into design synthesis hierarchy that would prove the functionality
of the concept. Initial prototyping of the electronics was based around experimenting
with different sensors to see how well they would work at recording finger
movements. These including using ceramic piezos, PVDF films and flex sensors, the
latter proved to be the most successful, as not only did they come in more usable
sizes, they were still highly flexible and provided stable and usable data. The adoption
of the Arduino board allowed the flex sensor to be attached to the glove and
connected to a LED output; the basic interaction achieved was the control of the LED
intensity based on the bending of the finger. The application light emitting and
electricity generating materials appeared then promising both in terms of quality of
output light and integration of the interface to a wearable device. Initially,
electroluminescence panels seemed like the most suitable material for this, as they
produce a homogenous light but it was found that they were tricky to work with and
time consuming. So a switched was made to using flexible LED strips, which saved a
lot of time as they are as easy to work with as normal LEDs with the only real
drawback being the light is not homogenous. Figure 4 shows the LED strips and flex
sensors embedded in initial prototype. After creating a number of this LED strip and
flex sensor combination, they were then sewn onto a glove as to improve coding and
create an experience prototype that replicated the desired light based warning to the
wearer based of their finger movements.



Fig. 4. LE srips and flex sensors embedded in initial prototype.

3.4  User Testing

A user testing protocol was employed consisting of a set of interviews and prototype
assessment with ten students (mean age 22 years) from Brunel University London
with the aim to test the feasibility of using light based feedback as a rehabilitative aid
on the dedicated "experience glove", to understand how the users react to the light and
finally test the shape of the ultimate plastic splint prototype on a range of different
anthropometric size hands to optimise fit and comfort. The experience glove was a
supplementary device able to create multiple light feedback aiming to understand
people’s reaction to the light signals produced and how they will benefit the
development of new interactive interfaces. The user test study required participants to
wear the “experience glove” for a few minutes, as shown in Figure 5, and answer two
questions: What does the light-based feedback is telling you about your finger
movements? Which of the colours presented do you think is the best indicator for
dangerous finger movements?

Fig. 5. User testing of the "experience glove".

After the implementation of the intended interaction, the main body of the splint was
designed assessing his ergonomics and fit as shown in Figure 6. Through a series of
iterative prototypes it was possible to achieve a design that used a single main body
and attachments that used living hinges allowing the finger to flex when worn as
shown in Figure 6. The moving splint attachment was tested against a to scale



diagram of the theoretical maximum bend of the prototype. This was to check that it
was actually capable of achieving the desired limit of 30° of movement at each
knuckle. From checking the prototype against the diagram, the movement limit of 30°
at each knuckle was near enough spot on. It was only 1° over at the second joint,
though this was more likely due to the prototype quality rather than the design of the
hinge at the joint.

Fig. 6. Experience prototyping of the splint shape and dynamic attachments.

4 Findings

From the initial user testing with the experience glove, it was clear that most partic-
ipants presume that when the light gets brighter that the finger movement is not cor-
rect, with only one participant saying that it meant nothing. Having explained to them
it was a warning, they were then asked which colour they thought was best at this;
eight out of ten said the red was the best colour for this. The results found in this work
on the assessment of the splint main would suggest that while the size of the splint
main body and attachments were not correct for a number of the participants, the
shape and fit of the wrap around the finger were comfortable and easy to put on. It
was also found that the splint worked well on either hand, for the index, middle and
ring finger. The results suggest that users were capable to understand that light based
feedback was telling them that their finger movements were dangerous and that it is a
warning. This study is the first step towards a structured investigation that aims to
consider the technologies as adaptable to human needs and expectations. Through this
approach the interactive parameters elicited by the materials work as a connection
point between the product features and the user expectations. The possibility we have
to shape and engineered, smart materials based on our requirements is a great oppor-
tunity designers should consider. Nonetheless, there is a strong need to systematically
organize the potentialities of SMs in a method that designers can easily adopt. Work-
ing on materials has the primary benefit that every single object could be embedded
with different dynamic properties. Matter is everywhere and that matter could be de-
signed to be responsive, adaptable and able to convey different qualities of infor-
mation. Responsive devices are, then, less invasive and have more possibilities to be
socially accepted. The human body owns an undefined set of possibilities that Smart
Materials can disclose and exploit for different purposes. The knowledge gained from
creating the experience glove allowed for the creation of a works like prototype which
took the prototyped dynamic splint design and integrated the electronics into the body
as shown in Figure 7. This helped integrating the light based feedback into the context



of the design application by allowing the user to put on a finger splint that does allow
the user to move his finger, but provides warnings when he does it too much.

T

Fig. 7. Work like prototype with integrated electronics.

5 Conclusions

This study provides a practical demonstration of the opportunities offered by SMs
with the aim to investigate how new technology could be embedded to improve the
performance of everyday products and how we experience them in a systematic way.
Within this work, the use and application of SMs as mean of immediate interaction,
have allowed to enhance with sensing and reacting capabilities a finger rehabilitation
tool. The key to the success of SMs in this application is the perception of the
interface as completely integrated in the device, as it was an “invisible” guide
supporting the user. The study presented is a first step to empirically frame the value
that SMs could have to produce unmediated experiences and overcome the barrier of
traditional product interfaces in a finger rehabilitation tool. Further testing and
development into how light based feedback could be used as a rehabilitative tool
should be fully exploited. There is a lot of potential ground for experimenting with the
application of the warning system to different supports and also different areas of the
body. Also further development is needed to create a secondary layer of feedback to
the user, by exploring interconnectivity with a smart phone to provide data about the
recovery processes allowing for a user to monitor their actual progress.
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