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Abstract

Stroke is a significant cause of long-term disability,
impairing over 10 million peoples motor function,
primarily on one side of the body every year. Whilst
effective rehabilitation exercises can help recover and
maintain some affected motor function, stroke
survivors often do not carry out enough of these.
Instead relying on their ~good' side to carry out tasks.
However, this leads to poor recovery limiting the ability
to carry out everyday bimanual tasks (such as dressing
or cooking). We present work that seeks to support
stroke survivors to engage in bimanual rehabilitation
through interaction with augmented tangible objects
that can be used to control everyday devices. Through
a user-centered design process, we uncovered how
bimanual rehabilitation can be supported. This led to
the development of the ActivSticks device that allows
bimanual rehabilitation and interaction with other
devices and services.
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Occupational Therapist (0T2):
“For the enhanced upper limb
thing, what we do is we put a
splint on the healthy hand.
And we force you to do
everything with the paralysed
hand...If the therapist looks
the other way, you'll soon
have the splint off and you'll
do it with that hand.”

Stroke survivor (S5): “I think
in my case it’'s more about
being lazy. Because
everything is so easy with this
right hand, I'd rather use that.
Whereas my left hand is still a
bit clumsy and so on so, why
use it? | think in my case
that’s the most common
reason.”

Stroke survivor (S6): “Before
the stroke | used to write very
fast using ten fingers. Now |
have only five fingers. | would
be able to type using the left
hand too but, if the speed of
the right hand is ten, the
speed of the left hand is 0.5.
Their paces are completely
different.”

Figure 1. Initial interviews helped
illustrate the importance of
bimanual interaction for stroke
survivors.

Introduction and Background

Every year over 10 million people survive a stroke [17].
Stroke causes a wide range of physical and psycho-
social impairments, with approximately half of all stroke
survivors having to rely on assistance to carry out basic
activities of daily living (ADLs), such as dressing,
walking and eating [13]. Stroke impacts primarily one
side of the body, causing significant motor and
cognitive impairments, while leaving the other side of
the body more unaffected. Thereby requiring many
ADLs (e.g., dressing and cooking) that would normally
be carried out bimanually, to be performed mainly one
handed [12], leading to frustration. Recovering the
ability to perform ADLs independently requires regular
performance of simple exercises (e.g., squeezing a
ball). However, their repetitive nature has been found
to reduce motivation and adherence, leading to reduced
recovery of affected limbs [16].

Our approach is to create tangible user interaction
devices that support both the effective execution of
existing bimanual ADL exercises and support interaction
with everyday devices, encouraging stroke survivors to
engage with rehabilitation. Skill recovery using
bimanual upper limb training has been found to be
helpful [6,11,15]. However, the majority of the work
within HCI has focused on supporting single-handed
interaction, where the simultaneous use of both upper
limbs is not required [3,4,9,20]. For example, Kirk et
al. [9] developed a tangible music creation device for
between hands). Simultaneous inter limb coordination
(for example when tying shoe laces) has been shown to
paresis [11], which is our main target group stroke
bimanual movements (e.g. users hit drum pads using

one hand at a time without having physical interaction
rehabilitation. Although their device supported use of
both upper limbs, it did not require simultaneous.

The closest to our work on bimanual interaction with
stroke survivors is a study by Hijmans et al. [8]. They
enabled simultaneous bimanual interaction attaching a
standard games controller to a custom handle bar.
Whilst they found this improved motor performance,
the games controller limited how the impaired limb
could be incorporated into interaction, as nearly one
third of the stroke survivors were not able to press
keys with their impaired hand. In this study, we take
another approach by designing bimanual tangible
devices without the limitations of existing controllers.

Design Process

We employed a user-centered design process to
investigate how best to motivate and support stroke
survivors in rehabilitating bimanual movement.
Interviews with patients and rehabilitation professionals
led to initial brainstorming and exploration of the
design space. Discussion around video prototypes of
early concepts were then used to help develop a
tangible bimanual device (ActivSticks) to support
integration of bimanual use in everyday tasks.

Initial Interviews with Therapists and Patients

We conducted initial individual semi-structured
interviews (lasting around 1 h) with 6 stroke survivors
(aged 25-75, 3 female), and one group interview
(lasting about 1.5 h) with 7 physical and occupational
rehabilitation therapists. This provided an in depth
understanding of challenges in stroke rehabilitation,
and covered how stroke affected participants in



Movement: What the person is
doing with her/his upper limb?
This can be Pushing, Pulling,
Squeezing, Releasing, Moving,
Rotating and/or Twisting.
Manipulated Object/Device:
What object or device the person
is interacting with? These can be
Existing Mobile (e.g., vase and
hat), Existing Semi-Fixed (e.g.,
table - This lies between mobile
and fixed as things that can be
moved, but aren’t very mobile),
Existing Fixed (e.g. door handle
and handrail), New (e.g.,
dedicated ball) or None (sensed
arm only e.g. kinect sensing —
basis for existing exergames)
Collaboration: Is the activity
done with someone? Individual,
Partner, Group or social.

Effect: What is the outcome of
the exercise? Independent Living
(e.g., encourage someone to use
their upper limb when cooking).
Utilitarian (change TV channel),
Playful (create and play a game)
Output Device/Object: What
device/object provides feedback?
Progress monitoring: How can
improvement be quantified?
Implicit (e.g. ambient
light)/Explicit (e.g. line chart of
progress)

Advancement: How can
development be supported? Do
you have to do more, increase
challenge (i.e. make the same
thing more challenging)

Figure 2. The design aspects taken
into consideration in creating initial
design concepts.

everyday life, as well as how often participants engage
their impaired limb in ADL exercises.

Interviews highlighted the fact that stroke survivors are
often either reluctant to use or forget to use their
impaired upper limb (see Figure 1). Using the
unimpaired hand is often faster and easier. In
particular, this means that the impaired hand is often
not used between formal rehabilitation sessions (such
as with a rehabilitation professional). For example, it is
rare that a stroke survivor will interact with a desk top
computer using their impaired hand, although they are
designed for bimanual interaction. 4 of the stroke
survivors did not use their impaired upper limb for
interacting with any device at home. However,
recovering skills where both upper limbs are needed is
motivating (Occupational therapist, OT2: “I have this
one patient who likes photographing, a lot...So there's a
lot of things | can link to that.”). As such, the bimanual
training should be linked to something that motivates
stroke survivors or is part of their ADLs.

Initial Design Concepts

Based on the interviews, four interaction designers
carried out a structured brainstorming activity to
identify potential everyday tasks around the home that
could be augmented to support bimanual rehabilitation.
Each researcher generated initial ideas independently,
before discussing all ideas as a group. Researchers
rotated around rooms in a typical home (kitchen, living
room, bedroom, bathroom and hallway). With each,
images of typical rooms were used to identify objects in
those rooms, movements performed with them, and
how those movements could be augmented to support
performing ADLs. In discussions we aimed to focus on
adjustability and modularity of the activities, so that

movements could be mapped to many things. In order
to achieve this, we used modular structure for the
initial design concepts (shown in Figure 2).

Video Prototypes

From initial design concepts, five were selected to
represent the design space. These included different
types of bimanual movements (e.g., squeezing and
rotating), as well as with and without (e.g. gesture) an
object. In order to get feedback and to inspire patients
and therapists to generate more ideas, we made video
prototypes of these five concepts (see Figure 3).

We showed video prototypes to 10 stroke survivors,
aged from 44 to 60, 6 females. Whilst stroke survivors
were able to tell us if they liked the prototype or not,
(S7: “I could order one of those."), the majority saw
the video prototypes as concrete solutions rather than
as a starting point to develop further ideas (S8: “Yes |
liked it but I don't really know how to put it in words.
“Oh my, my, | can't really put it in words.”). Therefore,
feedback was largely related to the prototypes as
shown. Encouraging bimanual activities on the bed
divided opinions (S9: “This didn't impress me at all.
Here, the idea is clearly that person stays at home
within four walls, staring at your own bedroom ceiling.”
and S10: “I'm the kind of person who stays indoors, so
those are good. It's really hard to do anything. If I'm
given a task, | don't really, | just sit still. These are
really good.”). As such the use of video prototypes
among stroke survivors seem to work well for
communicating our concepts (similar finding with [10])
and for confirming if the individuals liked the concepts
or not, but did not (at least for stroke survivors) act as
starting points to support co-design of solutions. Stroke
often has a significant negative impact on cognitive



idge enables a

Figure 3. Screenshots from the video
prototypes where a user is required to
use both of their upper limbs. (a)
Using a pillow for controlling the TV,
(b) using a pillow for exploring in
Google Street view, (c) using two
hands for drawing on a ceiling, and
using two-hands for playing a song by
pushing a (d) table or (e) fridge.

capabilities, and developing ideas beyond what was
shown, may have been too demanding for participants.

From therapists (1 physical and 4 occupational
therapists) we received a lot of valuable feedback for
developing our ideas further in terms of movements.
Therapists emphasized the importance of symmetry,
having both limbs carry out the same movement at the
same time. This ensures that the movement range of
the impaired upper limb is extended by the healthier
upper limb, and the movement trajectory is natural.
Symmetry should be guaranteed by having an object
that can be held by both hands (OT2: “from the pillow
that it's good, there's the bilateral control system” and
OT3: “This is good, this steering a wheel type of
movement”). In addition to symmetry, instant feedback
should be given describing how much the impaired limb
is incorporated into the movement, as stroke survivors’
self-awareness of their impaired limb is affected.

The number of repetitions of an exercise was also
highlighted as important (Physical therapist, PT1:
”...there should be a lot of these activities, even small
ones or any kind of, activity that is done with the
impaired hand, as long as it’s repeated enough. No
matter what kind of... It can be squeezing, it can be
tapping...as long as they do it a lot.”). Therapists also
highlighted that the tangibles should be firm enough to
support easy grasping, with the pillows used in the
prototype being seen as too compliant.

Designing and Building Initial Prototypes

Based on this feedback we started developing a device
that requires bimanual interaction (see Figure 4). We
aimed at supporting various general interactions such
as rotation, squeezing and releasing, and the

simultaneous movements seen as important by the
therapists. The movements could then be mapped onto
various outputs (such as controlling TV). To meet these
requirements, we build a light ring using plastic pipe
and rounding it with a foam. We chose to use a ring
form due to it is familiarity among stroke survivors and
rehabilitation professionals, and the necessity to use
both upper limbs to hold and rotate it. We measured
hand squeezes from three different locations with a
pressure sensitive fabric (velostat [1] using the method
described in [21]). We used an accelerometer [2] to
detect rotation. Although we had a lot of ideas of
mapping outputs to many different things (see Section
Initial Design Concepts), we decided to map the
manipulations of the ring to standard mouse and
keyboard controls (shown in Table 1). As stroke
patients had difficulties in extrapolating beyond the
video prototypes, this allowed fast prototyping of
different interactions through standard PC applications
(e.g. surfing the Internet or controlling a Netflix).
Having bimanual rehabilitation linked with such a
general task enables good number of repetitions and it
would fit larger portion of stroke survivors than games
(e.g., [7,8]) and/or musical interaction (e.g., [5,9]).

Feedback about the Initial Prototypes

We collected feedback about the initial prototype from
1 physical and 4 occupational therapists. Therapists
were able to interact with the ring, and it was mapped
to navigate in Google Street view, to read a magazine
through issuu.com service and to control Netflix.

Therapists were positive about the ring being both
lightweight and requiring the use of both hands. The
form of the ring was also positively commented on
being a natural and familiar shape (e.g. the therapists



Figure 4. The initial prototype. The
gyroscope (at the back) was used to
detect rotations, with pressure sensitive
fabric detecting grip. The ring was so
flexible it was not possible to hold it in
this position with one upper limb only.

Mouse Keyboard

Tilt right Move right Right key
Tilt left Move left Left key
Tilt up Move up Up key
Tilt down Move down Down key
Squeezing
and Click left

§ Space
releasing button
on the left
Squeezing
and Click right
releasing button
on the right

Table 1. The mappings of movements
for the initial prototype (see figure
above) when mapped to a mouse and
keyboard.

discussed how they used a hula hoop) and being able
to be held close to one’s body when inside the ring.
However, the ring shape was also found to be
problematic, being difficult to put on (either by standing
in or putting over the head) for stroke survivors. The
ring is also difficult to use when sitting, as the rear of
the ring presses the back. Although the ring is lighter
and thicker (making it easier to grasp) than rings
already used in therapy, it is still difficult to use for a
prolonged period, and it might be easy to lose grip.

Although bimanual interaction was seen as valuable,
the initial approach of using left/right tilting of the ring
was not as useful as expected. An impaired arm often
suffers from spasticity, meaning the impaired hand
would act as a pivot point, with the unimpaired hand
lowering or raising the ring. Raising only one arm at a
time was not considered good movement, instead
having symmetrical lifting and lowering movements
(where the ring stays level) would be better. The
rotational movements originating from the shoulders,
and having both arms fully extended would be more
relaxing for the impaired hand, as it would not require
flexing the muscles of the arm continuously. The range
and length of movements should also be adjustable,
and be able to be tailored to an individual’s capabilities
(OT5:"The possibility to adjust the range of motion is
essential in order to enable meaningful training.
Because | am thinking that this [tilting and squeezing]
is very challenging.” and OT7: “One needs to squeeze
pretty long here. Many of our stroke survivors would
not be able to do such a challenging movement”). As
such the sensitivity to detect squeezes and releases
should be higher. Therapists also highlighted how the
ability to release a grip was often more important than
being able to grip. Due to spasticity, stroke survivors

must often learn to relax their arm and release a grip,
before learning to grip.

Designing and Building ActivSticks

Based on this feedback we redesigned the prototype,
changing the form from a ring to a scissor device (see
Figure 5). This is easier to take into use than ring, as it
does not require standing inside. The adjustable angle
enables the upper limbs to be close to the user’s waist,
and the angle allows additional movements, such as
abduction (decreasing the angle) and adduction
(increasing angle). ActivSticks can also be used as a
straight bar. We replaced the non-ergonomic
asymmetrical tilt movements with yaw rotations
(rotating the tip of the ActivSticks to left and right while
having it in balance), which were detected with a
sensor having magnetometer, accelerometer and
gyroscope fixed to the end of the sticks [5]. ActivSticks
is easier to use than the ring when sitting or supported
(for example on a table). When supported, the user can
interact with it one handed. In order to increase the
detectable pressure range and to detect whether the
stroke survivor is using the device with both hands we
replaced the velostat with a higher pressure sensitive
fabric using the method described in [14]. This zebra
fabric (see Figure 5) allows detection of spatial
movements of the pressure as well, as the pressure is
detected from the intersections of vertical and
horizontal stripes.

Stroke Survivors and Therapist Feedback on ActivSticks
Two stroke survivors (1 female) and 7 physical and
occupational therapists were able to interact with the
final ActivSticks prototype. All were positive towards
the design changes, with the ability to set the stick
angle allowing more gross motor movements (including



Figure 5. User holding ActivSticks. The

zebra fabric was used to detect
squeezing and releasing. We added
braces in order to prevent it falling

down.

Mouse Keyboard

Rotate right Move right Right key

Rotate left
Tilt up

Tilt down
Squeezing
and
releasing
on the left
Squeezing
and
releasing

on the right

Table 2. The mappings of movements

Move left Left key
Move up Down key
Move down Up key
Click left
Space
button
Click right
button

for ActivSticks.

rowing when used as straight bar), as well as fine
motor movements, such as grasping and releasing both
hands along the vertical bar. As such our existing
mappings (shown in Table 2) can be extended by these
new movements (e.g., using adduction and abduction
for making selections). As our new design uses a grid
that allows pressure measurement of individual fingers,
we can provide more detailed feedback about the
bimanual grip. Physical therapist specialised in grip
suggested that the less impaired hand could be used to
act as a reference point for defining the pressure levels
for interaction (e.g. the user can make selections by
matching the grip strengths between hands). So far,
using the less impaired hand as a reference has been
used in clinical work to measure maximum grip [19],
but has not been used for interacting with tangibles
with varying grip strength levels.

Discussion

Designing rehabilitative tangible interaction for stroke
survivors is demanding. Stroke survivors can have
widely diverging needs in training. Whilst some may
need to keep up a general activity level to improve
strength, others should focus more on decreasing
spasticity in their upper limb. As such, it is important
that designs should enable as a set of movements as
wide as possible, with a range of outputs from which
the most relevant can be chosen and customised to
individually fit the individual. Although this is a
laborious way, it seems to be the most valuable.

As the training needs and motivations of stroke
survivors are so divergent, different ways to encourage
bimanual interaction are needed. The requirement of
using both upper limbs can be designed through
physical properties of the tangible, so that it is not

physically possible to use it one handed. Whilst we
implemented this in the first prototype, the ActivSticks
can be also taken into use one-handed (e.g.,
supporting it on a lap or on a table), and the bimanual
use is guaranteed through sensors. As such ActivSticks
is more adaptive for a larger range of stroke survivors
than the first prototype. The third approach is to
provide affordance for bimanual interaction, but not to
force it. This would require reminders and motivation to
use the impaired hand, e.g., through including gamified
elements to interaction, such as getting scores when
using bimanual input device, to motivate the bimanual
interaction in everyday tasks.

Our future work is focused on the tailoring of the
movements and outputs those movements generate to
better fit with individual needs and motivations. In
order to investigate the use beyond novelty effect, we
will carry out longer term studies where stroke
survivors will use the ActivSticks in day-to-day life. By
doing so we will significantly advance understanding of
how tangible user interfaces can enhance bimanual
rehabilitation for stroke survivors.
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