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Development of a robotic device for upper limb stroke
rehabilitation: A user-centered design approach
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Abstract

Stroke is one of the major causes of permanent adult disability. Stroke frequently aɼects motor control of the arm,
leading to diɺculties in doing activities of daily living. This research focuses on developing an upper limb rehabilitation
robotic prototype through user-centered design to aid stroke survivors in rehabilitating their arm. To gather require-
ments from end users, stroke therapy sessions were observed and a survey of stroke therapists was conducted.
End user requirements were evaluated to determine technical targets for the mechanical design of the prototype.
Evaluation of the prototype was done with stroke therapists in a focus group and a preliminary biomechanical study.
As user-centered design would require more iterations of design, testing and evaluation, this project reports a first
step in developing an aɼordable, portable device, which could increase access to stroke rehabilitation for the arm.
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1. Introduction

Worldwide, there are 64.5 million people who live with disability and
need assistance for activities of daily living (ADL) due to a stroke [1].
Many hours of therapy are spent on motor rehabilitation to help stroke
survivors live more independently. Repetitive activities, such as those
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that occur during therapy, strengthen motor neural pathways to enable
recovery of the limbs for the stroke survivor, making access to stroke re-
habilitation critical for maximum recovery [2]. However in many places
such as in Canada, stroke rehabilitation services are believed to be in-
adequate due to a limited number of facilities, lack of funding, and a
shortage of qualified staɼ [3]. These issues could decrease the fre-
quency and duration of a stroke survivor’s therapy.
Rehabilitation robots are being developed to aid therapists and increase
access to rehabilitation by opening opportunities for rehabilitation and
potentially decreasing associated costs. Rehabilitation robotic devices
(RRD) are able to oɼer enriched activity even for those with low func-
tioning limbs. Robotic devices are able to work with stroke survivors,
even those with severe impairments, to repetitively assist arm move-
ment, giving the brain repetitive input to aid in re-forming lost neuronal
connections.
Studies on RRDs have shown comparative improvement in stroke sur-
vivor upper limb outcomes when evaluated against conventional ther-
apy [4–6]. Robots are able to include features such as exact repeti-
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tive movement, adjustable resistance, objective evaluation, and motion
sensing capability, which can be used to supplement traditional ther-
apy. Robots will likely never replace therapists, but could be used in as-
sisting therapists or allowing rehabilitation in remote locations or in the
home. End eɼector devices such as the MIT-Manus/InMotion2 [7, 8]
and exoskeleton type devices such as the T-WREX/ ArmeoSpring [9]
have been developed and studied. Although many devices are being
developed [6], only a small percentage of therapists actually use robotic
therapy [10]. There may be many hindrances to using robotic therapy,
which include insuɺcient clinical evidence, limited functionality, cost
constraints, safety concerns, equipment size, or usability issues [11].
Understanding the end user perspective is pivotal in the design and
implementation of RRDs to ensure that they are appropriate and meet
end user needs. This paper presents the use of a user-centered design
approach to develop a working prototype of a novel low cost RRD for
aiding the paretic upper limb.

2. Development of the Robot Prototype

In order to design an appropriate RRD, it is important to understand
how therapists treat the paretic arm. The development of an accept-
able, usable system requires the end users’ input throughout the de-
sign process. User-centered design (UCD) is a technique that focuses
on the users’ needs and designs according to these needs [12, 13].
UCD is an iterative process, which includes the following key principles
(adapted from [14]):

· Work practices of the user control development.

· Representative end users should be actively involved early and
continuously throughout development.

· The development should undergomany iterative cycles to come
up with requirements from the end users.

· Prototypes should be created early and continuously to aid in
visualize and evaluate ideas.

· The development process should be performed by interdisci-
plinary teams.

The development of the robotic prototype was accomplished through
three phases that incorporated the UCD approach:

Phase 1: Identification of Requirements was accomplished
through observations of therapists performing stroke rehabili-
tation and the development, deployment, and analysis of an in-
ternational therapist survey.

Phase 2: Design and Construction of the Prototype using a
House of Quality matrix [15] that was based on the information
gathered in Phase 1.

Phase 3: Prototype Evaluation through a focus group with thera-
pists and a preliminary biomechanical analysis with healthy sub-
jects.

Stages involving external research subjects received ethical approval
from University of Toronto and Toronto Rehabilitation Institute’s Re-
search Ethics Boards.

2.1. Phase 1: Identification of Requirements

2.1.1. Stroke Therapy Observations
Informal observational sessions and interviews were conducted with
therapists working at a large rehabilitation hospital in Toronto, Canada.
Therapists were purposefully selected because they worked in the area
of upper limb post-stroke rehabilitation. Therapy sessions were ob-
served to understand therapists’ work processes, their workplace, as
well as stroke survivor needs in rehabilitation. Results of these ob-
servations informed the internet-based survey that is described in the
following section.
Four observational sessions of approximately four hours with five stroke
therapists and eight stroke survivors were conducted to understand of
therapists’ interaction with stroke survivors and the therapists’ work-
flow. Therapists were all occupational therapists (OTs) treating stroke
survivors’ upper limbs. Therapists were interviewed before or after the
observation session. The sessions were not video recorded; written
notes were taken while therapists interacted with their patients. Be-
fore each session, permission was obtained from the patient prior to
observing their treatment. More details of the observation sessions are
presented in [16]. Several observations weremade and therapists were
noted to:

· Work in a limited and shared workspace, for example one large
room with several therapy sessions occurring at once

· Physically cue their patients to understand which muscles they
were activating

· Instruct their patients to move in diɼerent planes of motion

· Incorporate everyday objects such as utensils into their therapy
activities

· Have a limited amount of time with their patients, sessions ob-
served were 30 minutes in length

· Provide cognitive rehabilitation activities such as putting a puz-
zle or model together

· Have concern that their patients were not telling them their true
levels of pain

Stroke survivors were observed to have special needs, which would
need to be incorporated into the RRD. Examples of patient needs are
as follows:

· Many were easily fatigued after a period of activity less than the
therapy time

· Many had paretic arms with either low or high tone

· The paretic arm was often very weak, often not being able to
grasp objects

· Often there were motor coordination diɺculties

· Some stroke survivors had bodily neglect or inattention

These observations suggest several RRD design factors:

· Small and portable

· Easy and quick to set up

· Could be used while a therapist is physically cueing their patient
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· Usable in more than one plane

· Incorporates use of everyday objects used in ADLs or could
incorporate use of virtual objects

· Include cognitive activities

· Pain detection

· Monitor general muscle fatigue

· Diɼerent types of end eɼectors to position the hand for those
with low or high tone

· Could have straps to secure the hand on an end eɼector

· Aid the stroke survivor with bodily neglect by bringing attention
to that side through vibration or audiovisual cues

· Assist movement for very paretic arms

· Use haptic and visual feedback in a virtual reality environment

2.1.2. Internet-based International Therapist Survey
An international therapist survey was developed, distributed, and ana-
lyzed to gain a global understanding of current stroke therapist practice
in treating the paretic upper limb and to gather therapist requirements
for an upper limb RRD [10]. Two hundred and thirty three (233) of the
returned surveys were considered to be complete and were analyzed
with descriptive statistics. A brief summary of the findings are reported
here, and full details of the survey are found in [10, 17].
The survey found that the most commonly used methods for treating
the aɼected upper limbs of stroke survivors were ranked as:

· Repetitive task training

· Motor relearning

· Neurodevelopmental treatment

Of note, only 6% of those surveyed had used robotic therapy in the
past. Rated important for aims of rehabilitation were:

· Facilitating functional activities

· Preventing further injury or complications

· Improving coordination

· Preventing secondary tissue changes

· Learning normal muscle movement

Statements rated important for facilitation of movement results in-
cluded:

· “Stroke survivors need task oriented training and practice”

· “Stroke survivors need context-specific cognitive learning, feed-
back, and practice”

· “Trunk stability is a prerequisite for quality upper arm move-
ment.”

A majority (�50%) included these attributes for an upper limb RRD in
their top five list (more than five are included as respondents could
choose up to five options):

· “Be able to facilitate many arm movements”

· “Be usable in a seated position”

· “Give biofeedback to the client”

· “Have virtual ADL specific activities”

· “Be a useful tool for stroke patients to use at home”

· “Adjusts resistance based on client performance”

· “Contain modular units with diɼerent functions”

· “Maintain proper joint alignment”

Respondents did not feel as strongly with regard to the tone and sen-
sory biofeedback sections, however most agreed that biofeedback
would be useful and decreasing tone was somewhat important. A vast
majority of respondents (93%) would like a RRD that would be use-
ful both with a therapist and for personal use at home. When asked
about how much they or their hospital or clinic would pay for such a
device, 74% who responded felt that they were willing to pay below
$6000 USD. Only 9% of respondents were not interested in purchas-
ing a RRD for any price.

2.2. Phase 2: Design and Construction of the Proto-
type

2.2.1. Prototype Design with the House of Quality
The prototype was designed using data gathered in Phase 1. Infor-
mation from the survey was put into a House of Quality matrix, which
is a tool that can be used to connect customer requirements to tech-
nical specifications and prioritize technical targets [15]. The House of
Quality is used in Quality Function Deployment, a method developed
in Japan in the 1960’s and 70’s [18]. It has been successfully used
to develop such items as consumer electronics, appliances, clothing,
and automobiles [19]. As user-centered design seeks to integrate cus-
tomer requirements (i.e. user requirements) into its development, the
tool was a good fit with user-centered design. The house of quality
consists of several components: customer requirements, a planning
matrix, technical components, a technical component interaction ma-
trix, an inter-relational matrix, and calculated targets [15].
Customer requirements were categorized according to similar charac-
teristics and given a point value related to the survey results. Technical
requirements were generated in consultation with the Quanser Consult-
ing (Markham, ON, Canada; www.quanser.com). The planning matrix
used the constraints of the manufacturer and did not compare com-
petitors’ products as only 6% of therapists surveyed had used robotic
therapy. Technical priorities (target priorities) were calculated using an
interrelationship matrix based on how strong the correlations were be-
tween the customer requirements and the technical requirements. Tar-
gets were calculated using the 95th percentile of anthropometric data
[20, 21], normal values for the range of motion (ROM) and strength
in rehabilitation [22]. Portability was calculated using airplane carry on
sizes and safe lifting standards [23, 24]. The full House of Quality re-
sults and targets may be found in [16].

2.2.2. Robot Prototype Design
This RRD, shown in Figure 1, was intended to aid the aɼected up-
per limb of an individual who had suɼered a stroke. The device was
meant to be used as an aid in increasing ROM, improving hand eye co-
ordination, and strengthening the aɼected muscles through repetitive
motion. In addition, it could be used with a qualified stroke therapist
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to aid in the quantitative evaluation with respect to ROM, coordination,
and strength. The device was intended to give haptic feedback to the
user through DC motors and was able to assist or resist motion de-
pending on the mode selected. The mechanical portion of the robot

Figure 1. Rehabilitation robotic device prototype

was designed in SolidWorks (Concord, MA, www.solidworks.com). It
was determined that impedance control would be more suitable than
admittance control as the device needed to be low cost, have low in-
ertia, be safe to use, and be backdrivable [25]. Therapists surveyed
indicated that they wanted the device to do many things as well as be-
ing low cost. The actual design had several trade-oɼs. As there had
been a well studied two degree of freedom (DoF) device with results
comparable to usual therapy in the literature [8], it was determined that
a two DoF device would be a good starting point to contain costs. Two
motors with two optical encoders were used to drive the device. The
motors were rated at 110 mN-m of continuous torque. These motors
were chosen as they had low inertia and low friction as impedance con-
trolled haptic devices. As the necessary amount of torque was higher
than the motors could produce, this torque was increased by using a
capstan and capstan way with a 1:30 size ratio. The result was 13.2
N of continuous force per plane of motion at the home position. The
resulting resolution (how sensitive the device was in detecting changes
in space) was 0.013 mm/count or 76 counts per mm at home position.
The forward kinematic model (FKM) of the robot is described using
the two link manipulator model shown in Figure 2, where the arm (link)
lengths are defined as L1=254 mm and L2=266.7 mm. The link angles
with x-axis are defined as θ1 and θ2. The geometric design criteria of
the robot body imposed the following constraints on θ1 and θ2.

θ1 > θ2 (1)
140◦ ≥ θ1 − θ2 ≥ 40◦ (2)
90◦ ≥ θ1 ≥ −50◦ (3)
50◦ ≥ θ1 ≥ −90◦ (4)

Eqns. 5-6 describe the FKM of the robot and Eqn. 7 shows the Ja-
cobean matrix.

x = L1 cos θ1 + L2 cos θ2 (5)
y = L1 sin θ1 + L2 sin θ2 (6)

J =
[

−L1 sin θ1 −L2 sin θ2

−L1 cos θ1 −L2 cos θ2

]
(7)

Figure 2. Two link manipulator model of the robot

The kinematic equations result in the robot workspace shown in Figure
3. The haptic eɼect is applied using Eqn. 8, where the force, F =

Figure 3. The workspace of the robot

[Fx Fy]T to be applied on the end-eɼector is converted into torque,
τ = [τx τy]T and then the corresponding current, I = [Ix Iy]T is applied
on the motors. The torque amplifying factor of the capstan is denoted
as Ka=30 and the torque constant of the motor is found Kt=0.115
N-m/A from the motor specification.

τ = −JT F (8)

I = τ
KaKt

(9)

Prototype specifications can be found in Table 1. The prototype con-
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Table 1. Prototype target specifications and manufactured specifications

Specification Target Manufactured Prototype
Medial/lateral axis 673 mm 931 mm
Anterior/Posterior Axis 293 mm 350 mm
Superior/Inferior Axis 1104 mm 931 mm
Resistive force 40.6 N 52.8 N/plane
Assistive force 16.6 N 52.8 N/plane
Resolution 0.012 mm/ct 0.013 mm/ct
Length 400 mm 320 mm + 180 mm
Width 230 mm 140 mm +155 mm
Height 550 mm 390 mm + 305 mm
Weight 10 kg 17.3 kg
Links 4 4
Joints 3-4 3
End effectors Modular 2 end effectors
Power 48V @5.2A 48V @5.2A
Sensors Haptic,joint, pain Haptic-optical
Actuators DC motors DC motors
Computer Compatibility USB USB

sisted of three main components: The mechanical portion, the electri-
cal portion, and the computer portion. For this prototype, the electri-
cal and mechanical components were housed separately due to safety
reasons. The mechanical components consisted of: an aluminum cas-
ing housing a capstan with two DC motors and two optical encoders
connected directly to the motors. The internal motors were attached
to two aluminum links, which were in turn attached to an aluminum
passive arm, and an aluminum outer arm. The outer arm was then at-
tached to a plastic end-eɼector on a caster wheel. The end eɼector
piece was made to be interchangeable depending on the needs of the
stroke survivor. The mechanical part had rubber feet on the bottom,
which was used to prevent the case from slipping. The device was
meant to be usable in two diɼerent planes, the transverse plane and
the sagittal plane depending on the orientation of the device.
The electrical portion consisted of: a steel electronics housing, two heat
sinks, a fan, three fuses, three circuit boards, and four power modules.
An external emergency stop was connected to the device through a
cable, which would be used as an emergency shut oɼ for safety pur-
poses. The mechanical portion was connected to the electrical portion
through two cables: a motor cable and a sensor cable. The electrical
portion was then connected to a computer through a USB cable, and
to an AC power source via a standard power cord.
The robot interfaces with a computer through a USB cord. Its software
interface included two components: driver and application software.
The driver software was developed with QuaRC (Quanser’s Rapid Con-
trol Prototyping software, www.quanser.com/QUARC) in a MATLAB
Simulink environment. The driver software used Quanser’s data acqui-
sition card, called Q8, to control the robot. The application software
of the robot could be developed using other computer programming
languages, e.g., Java and C++. The driver and application software
communicate through TCP/IP and shared memory protocol. Currently
we are developing a graphical user interface (GUI) in Java as an appli-
cation software that includes a haptic control interface and virtual reality
(VR) games for diɼerent upper limb therapy.

3. Phase 3: Prototype Evaluation

The prototype was evaluated with a focus group and with a prelimi-
nary biomechanical study. The information gathered from the prototype
evaluation will be used to feed into the next cycle of development.

3.1. Focus group

A focus group was conducted to refine the features, specifications, and
user interfaces of the upper limb RRD. The focus group consisted of
seven therapists (three physiotherapists and four occupational thera-
pists) who had at least two years of experience in stroke therapy, mem-
bers of the device design team, as well as an external moderator.
Data collected from the therapist survey were analyzed to develop
strategic questions for the focus group sessions. The therapists were
asked about their satisfaction with current therapeutic technology for
stroke survivors and the prototype RRD was presented for critique and
input. A more detailed description of the focus group can be found in
[16].

3.1.1. Current technology and stroke therapy
When therapists discussed their satisfaction with current technology
for stroke upper limb rehabilitation, it was found they had a low level
of satisfaction, with an average rating of 3.8±1.0 out of a possible 10
(10 being most satisfied). It was felt that current tools could be used for
patients with higher levels of upper limb functioning but there was a lack
of devices for lower functioning patients. None of the therapists used
any robotic devices for upper limb treatment post brain injury or stroke;
however if there was something appropriate, therapists said they would
be willing to use technology. Many felt they had not “landed on the right
tools yet” and felt there was potential to use more tools. They found the
set up of current devices to be time intensive and challenging thereby
limiting the amount of time they spent with their patients.
Therapists discussed what they would desire or require in an upper limb
stroke RRD. Some desired attributes were cost eɼectiveness, flexibility
and customization, measurable benefits in demonstrated eɼectiveness
andmeasurable changes to the patient’s condition. A way to show ben-
efit would be to have the device measure change in the stroke survivor’s
progress in a quantitative way. Current patient progress assessment
was felt to be highly subjective and lacked quantitative measures.

3.1.2. Current prototype critique
When therapists were shown the prototype of the rehabilitation robot
they took turns using the device. Overall, therapists seemed enthu-
siastic about developing a RRD. They wanted to see the final device
and expressed that they have been waiting for years for something like
this to be designed. Table 2 shows the average ratings therapists gave
when asked about the current prototype. Some therapists felt that the

Table 2. Prototype critique, average of 7 therapists’ answers

Component evaluation Average rating
ROM 4.6±1.0 (10 being most satisfied)
Force 7.5±0.6 (10 being most satisfied)
Setup/Ease of use 4.3±1.2 (10 being most satisfied)
Size 10±0.0 (10 being too large)

main beneficial feature of the device was adequate resistive and assis-
tive forces. When asked whether they would choose a device that had
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more degrees of freedom over a planar device that could assist, they
would choose a device that could assist. It was felt that aiding their
patients to get movement started was very diɺcult, but once they had
movement there were many more therapy options available.
Therapists were concerned the device would be diɺcult to setup, es-
pecially in terms of the patients having the correct body position. There
was also concern about the electrical wiring between the electrical and
mechanical cases, as they were not sure it would be easily set up.
They would like functional goals that would be defined and measured.
Therapists were interested in a device that would give several types
of feedback. Visual, audio, and tactile feedback was seen as critical
features for the device. Biofeedback was seen as a desired feature by
some therapists to allow therapists and their patients to have informa-
tion relating to joint position, muscle use and activation. The ability for
a device to detect which muscles would be active, how patients would
be positioned, and presence of compensatory movements would be
highly desired.
Suggestions for improvements included having end eɼectors with a flat
support surface for the hand (rather than a half sphere) and having a
longer supportive end eɼector to support the forearm. Motivation with
interesting games was also seen as an important part to a rehabilitation
robotic system.
In terms of the device’s size it was thought that the device was too
large, that portability would be a “must”, especially if it were to be used
at home, and the total weight should be between 5 to 10 lbs.
Therapists’ satisfaction level with current state of technology was very
low, indicating there is room for RRD development. This may have been
due to their lack of experience with current robotic technology given a
lack of technology availability. Current robotic technology may not be
used as these devices do not meet therapists’ needs.
In summary, there are several changes that need to be incorporated
into the next iteration of themechanical design. The device should have
more ROM than it currently has. This can be easily done by increasing
the link lengths. Therapists also desired more DoF, however this is
less easily incorporated into the existing design. There were set up
challenges with making the device housed in two cases. Housing the
device in one case would make setup easier, only if safety concerns
can be addressed. The device should be smaller as well.

3.2. Preliminary Biomechanical Analysis

Understanding the kinematics and kinetics produced on the upper limb
joints while a patient is interacting with the RRD can aid in quantita-
tively determining the necessary workspace and torque requirements.
We measured the range of motion and amount of torque and force pro-
duced by the wrist, elbow, and shoulder joints while healthy subjects
(n=4) performed transverse and sagittal reaching motions (Figures 4-5)
at six diɼerent settings. These measured values were compared to ref-
erence values in the literature of joint angles and moments of subjects
while performing ADLs. A full description of the biomechanical analysis
process can be found in [16].
It was a challenge to compare kinematic and kinetic data for the up-
per limb as there were no standard activities for measuring the upper
limb movement as for the lower limb. Comparisons should be made to
ADLs, as these are often the goals of upper limb rehabilitation rather
than maximum moments and maximum ROM. Additionally compar-
isons of ROM andmoments were further complicated as the data in the
literature were incomplete and measurements were made on healthy
subjects. However, there were two sources of data which recorded
the kinematics [26, 27] and one source which had kinetic data for com-
mon ADLs [26]. There were other sources of data as well, however two
sources were chosen for ease of comparison. These two sources were
chosen as they covered more ADLs and/or provided more data. Ide-

Figure 4. Sagittal reaching motion

Figure 5. Transverse reaching motion

ally, common ADL movements would be measured with the subjects
involved to understand what percentage of the ROM and moments
on the joints the rehabilitation device could account for. The compar-
isons in the results section can only be used as a general reference
as the sagittal and transverse movements were not exactly the same
as the movements used in comparison. The comparisons were made
as a percentage of the total ROM as slightly diɼerent seating positions
would aɼect the minimum and maximum angles.

3.2.1. Results and Discussion
Table 3 summarizes the results of the study. For each participant, the
average ROM was divided by the average ROM in the literature. For
the forces and moments, the average maximum forces and moments
were divided by their respective counterparts.
The shoulder elevation plane (adduction/abduction) and the elbow an-
gle would be important factors to consider when determining if the de-
vice’s workspace was adequate. While using the device, the shoulder
adduction/abduction and elbow angle would govern much of the shoul-
der and elbow movement along the transverse plane. For the sagittal
reaching task, the device seems to provide more than adequate ROM
for the shoulder’s plane of elevation - its transverse movement. How-
ever, the angle of elevation (sagittal plane) did not seem adequate. In
comparing the transverse reaching motion, it was found that there was
more than adequate movement for the shoulder in the plane of eleva-
tion and the wrist, whereas the elbow and shoulder angle of elevation
did not seem adequate. This would be due in part to the device being
a two dimensional device. A three dimensional device would be able
to provide more ROM for the shoulder angle of elevation. The sagittal
reaching motion, in itself may not provide enough ROM for the wrist
and elbow. As the device was not tested in the vertical position, the
shoulder angle of elevation and the elbow ROM would increase when
tested in this configuration. However given the wide range of values
from the pilot, more biomechanical studies would need to be done for
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Table 3. Summary of biomechanical evaluation. Results are as a percentage of the reference value in literature. ROM are averages and forces and moments are
average maximums.

Wrist Elbow Shoulder
Plane of elevation† Angle of elevation

Sagittal ROM 34±10% 44±12% 121±13%* 63±13%*
Transverse ROM 147±42%* 45±15%* 157±15%** 58±6%**
Sagittal motion force (anterior) 35±30% 124±109%
Sagittal motion force (posterior) 148±76% 110±67%
Sagittal motion force (medial) No comparables 139±85%
Sagittal motion force (lateral) 38±19% 99±49%
Sagittal motion moment (clockwise) No 110±52%* 153±84%*
Sagittal motion moment (counter-clockwise) comparables 38±29%* 106±70%*
Transverse motion force (anterior) in literature 31±19% 109±69%
Transverse motion force (posterior) 152±96% 112±67%
Transverse motion force (medial) No comparables 150±68%
Transverse motion force (lateral) 24±16% 83±45%
Transverse motion moment (clockwise) 124±64%* 121±72%*
Transverse motion moment (counter-clockwise) 19±22%* 64±54%*

†Reference used abduction/adduction
*values for 3 participants (data was unusable for one)
**values for 2 participants (data was unusable for two)

conclusive results.
The arms of the device could be increased to allow the elbow more
extension. The length of the links in the device could increase by a total
of 22 cm to fully accommodate the longest subject’s arm. However, this
may not need to be increased as the shoulder plane of elevation had
more than enough movement. Giving the subject a variation of the
exercise (i.e. hold upper arm still while moving the forearm and wrist),
may allow for more ROM in the elbow.
Comparing the force data to the reference, the forces produced on
the joints were more than what Murray and Johnson [26] measured
in their common ADLs. This would indicate that the forces may be
decreased without compromising the ability of the device to rehabilitate
arm movement used for performing ADLs. Increasing the link lengths
would eɼectively decrease the force on the joints.
This preliminary biomechanical analysis would be a starting point to
evaluate the device with stroke survivors and with therapists. As part
of the user-centered design process, this type of evaluation would be
critical to understanding how working with an RRD would compare to
conventional therapy. Ideally a biomechanical analysis of conventional
upper limb stroke therapy would be conducted to give a standard for
comparison to the device use.

4. Discussion of User-Centered Design
Process

This study applied principles of user-centered design to guide the de-
velopment of an upper limb RRD. In some ways, the development pro-
cess was successful, in other ways, challenging, but overall, the pro-
cess was considered to be useful. The following are techniques that
were employed in this research:
Using work practices of the user to control the development.

This study used observations from therapist workflow, survey results
from stroke therapists, and a focus group of stroke therapists to guide
the development of an upper limb RRD. Observations of end user work-
flow were found to be very useful in determining general requirements
for the device. These observations may not have come out through
a focus group, as implicit knowledge may be diɺcult to articulate and
self-reported behavior may be diɼerent than actual behavior.
Representatives from end user groups should be actively in-
volved early and continuously throughout development. Repre-
sentatives of the therapist group were actively involved early and con-
tinuously throughout the development. While not reported here, stroke
survivors are currently being recruited to participate in focus groups
to evaluate this prototype iteration. The involvement of representative
users was very valuable in understanding current practices and needs.
Further involvement would be critical for the success of future RRDs.
The development should undergo many iterative cycles to
come up with requirements from the end users. This paper de-
scribes one iteration in the user-centered design process. Future it-
erations should involve stroke therapists and stroke survivors, as well
as stroke survivor caregivers. The design of the device, including soft-
ware, and user interfaces, ideally would go through many cycles of de-
sign, feedback, evaluation, and redesign. User-centered design was
used mainly for software application or systems design [14], thus going
throughmany iterations would be simpler than with a hardware product.
It would have been easier to use paper prototypes or mock ups during
the initial evaluation stage of the product, allowing faster iterations at
the beginning while still involving the end user. The involvement of the
end user is important in determining the direction of the product early
on.
Prototypes should be created early and continuously to visu-
alize and evaluate ideas. One prototype was created to visualize
and evaluate. Future iterations should continue to include prototypes
for visualization and evaluation. The development of the RRD required
a multi-disciplinary team. Often in working in cross disciplines, misun-
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derstandings may arise as to the envisioned end product. These mis-
understandings can be reduced through having physical prototypes.
This was found to be true in our case as engineers and therapists often
had diɼerent ideas about what certain terms meant.
The development process should be performed by interdis-
ciplinary teams. The development process involved occupational
therapists, physiotherapists, and engineers to develop the prototype.
As design flaws came up, the industrial partner made changes in the
design. This did not fit in with some of the specifications and as the pro-
totype was in process, it was harder to bring these changes to the focus
groups to check if they were good changes. Therefore a closer work-
ing relationship between design, manufacturing, and end users would
improve the process. It was valuable to obtain the diɼerent opinions of
diɼerent experts to determine the design of the RRD.

5. Future Work

It is recommended that further cycles of iterative design and assess-
ment be incorporated into the development of a RRD. Based on the
results from Phase 3 of this research, it is recommended that the fol-
lowing changes be made to the RRD for the next cycle:

1. Develop a method to secure the device to a table, so that it does
not fall

2. Make the device smaller so that it is more portable

3. Lengthen the links to increase the workspace (11 cm per link)

4. Encase all components of the device under one housing

5. Use lighter and non-conductive materials for the arm links and
the housing

6. Construct diɼerent end eɼectors which can accommodate peo-
ple with diɼerent degrees of upper extremity recovery

7. Develop end eɼectors with therapists which could secure the
hand more eɼectively

8. Develop trunk and arm position sensors to ensure proper posi-
tioning

It is recommended that more focus groups be conducted to evaluate
further devices, especially focus groups involving stroke survivors and
their caregivers, as well as additional focus groups with stroke thera-
pists as design changes arise. It may also be useful to conduct addi-
tional therapist focus groups in diɼerent locations, for example, diɼerent
countries as treatment approaches diɼer from country to country.
It is also recommended that a full biomechanical study on the ROM and
forces that therapists use while treating their patients be done. In addi-
tion, a full biomechanical study of the ROM of the prototype should be
done in diɼerent configurations with more subjects. These data could
then be compared with data on the next revision of the RRD. In addition
clinical trials of the device would be necessary to determine its clinical
eɺcacy.
Other work related to developing a robotic system for upper limb re-
habilitation is already under way. An intuitive graphical user interface
(GUI) for both therapists and stroke survivors and engaging rehabilita-
tion games are currently being developed and evaluated by therapists.
Work on an artificially intelligent controller capable of adapting to the
rehabilitation needs of stroke survivors is in progress [28].

6. Conclusions

This research employed user-centered design techniques to capture
the requirements, build a working prototype, and conduct an evaluation
of a RRD for upper limb stroke therapy. Observations of stroke therapy
and a therapist survey were able to capture therapist requirements for
a RRD. Using these data, a prototype RRD was designed through the
House of Quality approach. The prototype was evaluated through a
therapist focus group and a preliminary biomechanical analysis. While
there is much future work to be done, this research represents the first
stage in the development of a clinically-relevant and low cost RRD for
upper limb stroke rehabilitation. Many more iterations are likely needed
before a device is created that is ready for the consumer market, how-
ever, feedback from therapists regarding this first prototype were quite
positive, indicating that this first iteration has produced a device that is
a step in the right direction.

Acknowledgements

Wewould like to acknowledge our funding source, Collaborative Health
Research Projects Program funded by the Natural Sciences and Engi-
neering Research Council of Canada (NSERC) and the Canadian In-
stitutes of Health Research (CIHR), as well as in-kind support from
Quanser Consulting, Inc. We would like to thank all therapists who
were involved in the study, as well as Amanda Calvin who assisted in
recruiting. A special thanks to Justin Chee, Olinda Habib-Perez, and
Regina Leung for assisting in the biomechanical analysis.

References

[1] T. Truelsen, R. Bonita, ”The worldwide burden of stroke: current
status and future projections,” in Handbook of Clinical Neurology
Vol 92 (3rd Series): Stroke Part I: Basic and Epidemiological As-
pects, M. Fisher, Ed. Amsterdam: Elsevier, 2009, pp. 327-336.

[2] The Consensus Panel on the Stroke Rehabilitation System, Time
is function, Heart and Stroke Foundation of Ontario, Ottawa,
Canada, Report April 30, 2007.

[3] F. Lowry, ”Stroke rehabilitation services inadequate, experts say.,”
Can Med Assoc J, vol. 182, no. 7, pp. E283-4, Apr. 2010.

[4] A. C. Lo et al., ”Robot-assisted therapy for long-term upper-limb
impairment after stroke.,” New Engl J Med, vol. 362, no. 19, pp.
1772-83, May. 2010.

[5] G. Kwakkel, B. J. Kollen, and H. I. Krebs, ”Eɼects of robot-assisted
therapy on upper limb recovery after stroke: a systematic review.,”
Neurorehab Neural Repair, vol. 22, no. 2, pp. 111-21, 2008.

[6] B. R. Brewer, S. K. McDowell, and L. C. Worthen-Chaudhari,
”Poststroke Upper Extremity Rehabilitation: A Review of Robotic
Systems and Clinical Results,” Top Stroke Rehabil, vol. 14, no. 6,
pp. 22-44, 2007.

[7] S. E. Fasoli, H. I. Krebs, J. Stein, W. R. Frontera, and N. Hogan,
”Eɼects of robotic therapy on motor impairment and recovery in
chronic stroke,” Arch Phys Med Rehabil, vol. 84, no. 4, pp. 477-
82, Apr. 2003.

[8] H. I. Krebs, N. Hogan, M. L. Aisen, and B. T. Volpe, ”Robot-aided
neurorehabilitation,” IEEE Trans Rehabil Eng, vol. 6, no. 1, pp. 75-
87, 1998.

[9] T. Nef, M. Mihelj, and R. Riener, ”ARMin: a robot for patient-
cooperative arm therapy,” Med Biol Eng Comput, vol. 45, no. 9,

183



PALADYN Journal of Behavioral Robotics

pp. 887-900, 2007.
[10] E. Lu, R. Wang, D. Hebert, J. Boger, M. Galea, and A. Mihai-

lidis, ”The development of an upper limb stroke rehabilitation robot:
Identification of clinical practices and design requirements through
a survey of therapists,” Disabil Rehabil Assist Technol, vol. 6, no.
5, pp. 420-431, 2011.

[11] M. Lee, M. Rittenhouse, and H. A. Abdullah, ”Design Issues for
Therapeutic Robot Systems: Results from a Survey of Physio-
therapists,” J Intell Robot Syst, vol. 42, no. 3, pp. 239-252, Mar.
2005.

[12] K. Holtzblatt, J. B. Wendell, and S. Wood, ”Introduction,” in Rapid
Contextual Design, San Francisco, CA: Morgan Kaufmann Pub-
lishers, pp. 21-31, 2005.

[13] D. Schuler and A. Namioka, Participatory Design: Principles
and Practices. Hillsdale, NJ: Lawrence Erlbaum Associates, Inc.,
1993.

[14] J. Gulliksen, B. Goransson, I. Boivie, S. Blomkvist, J. Persson,
and Cajander, ”Key principles for user-centred systems design,”
Behaviour & Information Technology, vol. 22, no. 6, pp. 397-409,
Nov. 2003.

[15] Y. Akao, ”An Introduction to Quality Function Deployment,” in
Quality Function Deployment: Integrating Customer Require-
ments into Product Design, Y. Akao, Ed. Cambridge, Mas-
sachusetts: Productivity Press, 1990, pp. 3-24.

[16] E. C. Lu, ”Development of an Upper Limb Robotic Device for
Stroke Rehabilitation By Development of an Upper Limb Robotic
Device for Stroke Rehabilitation,” MHSc thesis, University of
Toronto, Toronto, Canada, 2011.

[17] E. Lu, R. Wang, J. Boger, D. Hebert, and A. Mihailidis, ”Devel-
opment of a rehabilitation robot: national diɼerences in therapist
practice,” in Rehabil Eng Assist Technol Soc N Am Jun 5-8, 2011,
2011.

[18] L. Chan, ”Quality function deployment: A literature review,” Eur J
Oper Res, vol. 143, no. 3, pp. 463-497, Dec. 2002.

[19] J. R. Hauser and D. Clausing, ”The house of quality,” Harvard Bus
Rev, vol. 66, no. 3, pp. 63-73, 1988.

[20] C. L. Ogden, P. D, and K. M. Flegal, Anthropometric Reference
Data for Children and Adults?: United States , 2003 - 2006, no.
10. 2008, pp. 1-45.

[21] S. M. Donelson and C. C. Gordon, 1995 Matched Anthropometric
Database of U.S. Marine Corps Personnel: Summary Statistics.
Newton Centre, MA: United States Army Soldier Systems Com-
mand, 1996, pp. 1-224.

[22] M. H. M. Lee and A. Moroz, ”Physical Therapy,” Merck Man-
uals, 2009. [Online]. Available: http://www.merckmanuals.
com/professional/sec22/ch336/ch336b.html#CIHEFGGH.
[Accessed: 27-Jan-2011].

[23] NB Worksafe, Ergonomics guidelines for manual handling. St.
John, NB, Canada: , 2010.

[24] ”Aircanada - Carry-on Baggage,” 2009. [Online]. Available:
http://www.aircanada.com/en/travelinfo/airport/baggage/
carry-on.html. [Accessed: 31-Jan-2011].

[25] P. Lammertse, ”Admittance control and impedance control - a
dual,” FCS Control Systems, 2004. .

[26] I. A. Murray and G. R. Johnson, ”A study of the external forces
and moments at the shoulder and elbow while performing every
day tasks,” Clin Biomech, vol. 19, no. 6, pp. 586-94, Jul. 2004.

[27] J. Y. Ryu, W. P. Cooney, L. J. Askew, K. N. An, and E. Y. Chao,
”Functional ranges of motion of the wrist joint.,” J Hand Surg, vol.
16, no. 3, pp. 409-19, May. 1991.

[28] P. Kan, R. Huq, J. Hoey, R. Goestschalckx, and A. Mihailidis,
”The development of an adaptive upper-limb stroke rehabilitation
robotic system,” Journal of NeuroEngineering and Rehabilitation.

184

http://www.merckmanuals.com/professional/sec22/ch336/ch336b.html#CIHEFGGH
http://www.merckmanuals.com/professional/sec22/ch336/ch336b.html#CIHEFGGH
http://www.aircanada.com/en/travelinfo/airport/baggage/carry-on.html
http://www.aircanada.com/en/travelinfo/airport/baggage/carry-on.html

