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Abstract— In recent years, the potential of robot-mediated
upper extremity therapy has been widely acknowledged in
stroke rehabilitation. The primary focus of rehabilitation
robotics has been on building exoskeleton robots as well
as devising control strategies that leverage robotic forces to
adaptively assist and resist the movements of patients’ impaired
arms during repetitive reach-touch exercises. In our single
subject case study, a robot presents exercise target positions
that are successively more difficult to the patient. This serves
to adaptively challenge the patient, while inducing voluntary
reach-touch movements. Through data collected during 12
weeks of therapy with a single subject, we demonstrate that a
general purpose robot can induce desired therapeutic exercise
movements from a patient. In addition, we have observed that
the challenge level can be adapted as the patient improves his
motor function, which leads to observable improvements in the
motor function of the patient.

I. INTRODUCTION
A stroke is one of the leading causes of death in the world,
including the United States [1]. Even if a patient survives
from a stroke, often times they are left with permanent disabilities, such as hemiparesis. In order to regain and continue
to sustain motor function, patients with a stroke undergo
a variety of therapies. These routines are administered by
experienced human therapists in conventional rehabilitation.
Recent experimental results suggest that patients are able
to recover motor function through intensive therapies, even
at the chronic phase [2]. Due partially to the substantial
economic burden, however, length of stay for inpatient rehabilitation has decreased. As a result, the majority of stroke
survivors do not receive a sufficient amount of rehabilitation
service [3]. To effectively address this problem, many have
proposed adopting robot-mediated therapies [4]–[6].
Despite the variance in design, rehabilitation robots used
for upper extremity gross motor exercises are generally
built to adaptively challenge patients while providing repetitive therapeutic exercises to them [4]. This is achieved
by applying robotic forces that assist or resist the reachtouch1 movement of the patients’ impaired arms as needed.
Randomized control studies suggest that these approaches
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can cause observable improvement in motor function which
is comparable to the improvement achieved from intensive
therapy with human therapists [7]. Empirical study suggests
that adaptively challenged movement exercises may in fact
be one of the primary sources in motor recovery, regardless
of the employed therapy medium [8].
Based on these findings, we design a case study which
departs from the contemporary approaches to robot-mediated
rehabilitation and with this data we support the feasibility
of physical therapy using a general purpose robot. In our
study, the robot engages a patient as a social medium and
induces desired reach-touch movements from the patient
through various target positions presented by its hands. The
robot chooses target positions that are successively more
difficult in order to keep the exercises sufficiently challenging
and engaging as the patient improves motor function. The
patient reaches for the targets through either self-assisted or
unassisted voluntary movements. The data collected during
the 12 weeks of therapy suggest that physical therapy through
a general purpose robot can provide adaptively challenging
therapeutic activities and lead to a motor recovery of a patient
with stroke observable by both Fugl-Meyer Assessment
(FMA)2 [9], [10] and Wolf Motor Function Test (WMFT)3
[11], [12].
The remainder of this paper is structured as follows. In
Section II, we briefly introduce a stroke and a variety of
approaches to robot-mediate upper extremity therapy for
patients who have experienced a stroke. In Section III, we
visit our study design in detail. In Section IV, we report our
experimental results. Section V concludes the paper with a
discussion of possible future extensions.
II. BACKGROUND
A. Stroke and Physical Therapy
A stroke, medically termed as a cerebral vascular accident,
is a rapid loss of brain cells caused by a disturbance of
blood supply to the brain. This lack of blood flow can
be caused by different reasons, such as arterial blockage
or rupture of an artery. The affected area of the brain is
2 The upper extremity portion of the FMA consists of 32 items that
evaluate upper extremity functions of stroke patients. A scale with scores
for upper extremity impairment ranges from 0 (no function at all) to 66
(normal function). A subset of FMA components can be used to describe
improvements in a subset of upper extremity motor functions.
3 The WMFT quantifies upper extremity motor ability through fifteen
timed and functional tasks. The results report how fast patients achieve the
tasks in addition to how many they successfully do. Accordingly, WMFT
can measure improvements that cannot be measured in discrete scoring of
FMA.

thus unable to function, which leads to deficits that may
include difficulty in moving the arm and/or leg, understanding or producing speech and perceiving the environment
[13]. To alleviate these impairments, stroke patients often
pursue rehabilitation therapy at the acute, sub-acute, and
chronic phases as necessary. The goal of physical therapy
for individuals who have suffered a stroke is to help them
regain functional abilities, such as walking, as close as
possible to their abilities before the strokes. The deficits that
individuals display are assessed and treated through a variety
of tasks that are designed to help them regain strength and
use of the affected side. The exercises are often designed
to reinforce the activities that are performed in daily life
through the repetition of exercise movements prescribed by
a therapist. Traditionally, it has been reported that most of the
recovery occurs within the first few months after stroke [14]–
[16], and rehabilitation after that has been underappreciated.
However, recent experimental results suggest that intensive
intervention therapies can lead to significant improvement in
motor function even during the sub-acute and chronic phases
[2], [17]. Due partially to the time-consuming and laborintensive nature of the therapies, this has led to the ongoing
development of robots for therapeutic purposes [18].

Fig. 1: The uBot-5 is used as the robot platform throughout
the study. An LCD monitor is used to display video instructions.

B. Robot-Mediated Physical Therapy
Since the development of MIT-MANUS [19], a variety
of robot designs have been constructed and tested for upper
extremity rehabilitation [4]. Despite the increasing number
of robots developed, however, the fundamental approach is
essentially the same. The robots are generally designed to
physically support the arm movements of patients during
therapeutic exercises using various sensors and actuators
[18]. Therapy activities employing this type of robot are
mostly reach-touch exercises [20]. During physical exercises,
stroke patients either hold on to or place their impaired
arm on the exoskeletal components of these robots, which
provide assistance for low functioning patients to complete
otherwise unattainable movements and provide resistance for
high functioning patients to make the tasks more challenging
while targets are displayed on computer screens. The therapy
activities that we employ in our study are also reach-touch
exercises, but we do not provide artificial assistance or
resistance using applied robotic forces. Rather, we control the
challenge level by balancing the number of target positions
drawn from different spatial areas for which a subject requires different levels of effort to reach. The subject is asked
to reach and touch these targets through either self-assisted or
unassisted voluntary movements through instructions given
by the robot.
Alternately, there has been an approach that employs an
embodied robot that engages patients in a various ways as
a social medium. In one study, the robot provides verbal
stimuli that encourages patients to continue the prescribed
exercises when they pause during exercises [5]. In this
study the robot passively observes the patients’ movements
and does not physically interact with them. In our work,
however, the robot actively engages the patient and leads

the therapeutic activities. In another study, the robot actively
engages the patient during therapy sessions as it does in ours,
but the challenge level is not adjusted as the patient regains
motor function [6]. Neither of these studies report therapeutic
effects [5], [6].
III. STUDY DESIGN
A. Human Subject
We recruit the subject based on the following inclusion
criteria. The subject should be at least 18 years old and have
had a stroke 6 months or more prior to enrollment. Assessed
impairment should be scored between 7 to 38 (out of 66) on
the FMA.
The subject in this study was a 72-year-old male with
chronic hemiparesis who suffered from a stroke 9.5 years
prior to enrollment. He scored 31 (out of 66) on the initial
assessment. His score on the relevant items was 24 (out of
52) at the start of the case study. Before joining the study,
written consent was obtained.
B. Robot Platform
The uBot-5, a small light-weight bimanual mobile manipulator developed at the Laboratory for Perceptual Robotics
at UMass Amherst [21], delivers physical therapy. To reduce risk from unexpected accidents throughout the therapy
sessions, the robot sits across a table and thus the patient
is always out of the reach. We use Microsoft Robotics
Developer Studio for the software development environment.
C. Physical Therapy
During the design of the therapy, a physical therapist is
present to provide knowledge on traditional therapies which

(a) Task 1. Self-assisted two-arm (b) Task 2. Unassisted one-arm slidreach-touch.
ing reach-touch.

(a) The origin of the frame is at the (b) Adjustment for the task 1 is done
impaired shoulder of the patient.
in a way that y coordinate of the
target positions gets larger and the
absolute value of the z coordinate
gets larger.

(c) Task 3. Unassisted forearm rotat- (d) Task 3. Unassisted forearm lifting reach-touch.
ing reach-touch.

Fig. 2: The three physical exercise tasks employed in the
study, which were prescribed by a human physical therapist.

have proven to be effective. Physical exercise tasks for the
subject are determined based on the subject’s current level
of motor function as well as through discussion between the
therapist and the subject. The focus of the robot-mediated
physical therapy is on dominant right arm function. The
subject engages in the following three therapy exercises three
times a week for twelve weeks.
1) Task 1. Holding two hands together and stretching
arms to reach for the robot’s hand which is presented at
various points on the surface of the patient’s reachable
workspace; See Fig. 2a.
2) Task 2. Flexing and extending the elbow joint to touch
the robot hand which is presented at various points on
the horizontal plane within the distance of the subject’s
arm length; See Fig. 2b.
3) Task 3. Rotating or lifting the forearm to touch the
robot hand which is presented above the patient’s hand;
See Fig. 2c and 2d.
Task 1 is intended to induce a large range of motion
and to stretch arm joints through self-assisted movements.
Task 2 and 3 are intended to induce unassisted voluntary
movements. Initially, Task 3 acts to induce wrist rotation
movements. As the patient regains his motor function, target
positions of Task 3 are provided higher than those he can
reach just by rotating his wrist. This naturally induces
forearm lifting movements as soon as the patient becomes capable. Throughout the study the target positions are adjusted.
The patient is expected to attain the given targets in a way
that he feels comfortable with, rather than trying to follow
specific arm movement trajectories. When the patient can
reach a given target position as instructed by the robot, it is
counted as a success. Each task is presented for five minutes
with minutes of deviation based on the patient’s performance

(c) Adjustment for the task 2 is done (d) Adjustment for the task 3 is done
in a way that x coordinate of the in a way that y coordinate of the
target positions gets larger and the target positions gets larger.
absolute value of the z coordinate
gets larger.

Fig. 3: Approximate three dimensional description of the
controlled directional adjustment of the challenge level for
the prescribed tasks.

and fatigue.
D. Choosing Target Positions
For the prescribed tasks, we choose the initial sets of target
positions which the patient can attain with efforts. These
initial sets do not include the positions that the patient cannot
reach. Given these sets, the uBot-5 is programmed to choose
a random sequence of positions to promote a large range of
motion. As the study proceeds, the challenge level of targets
are adjusted at the request of the patient or researchers by
replacing one or more target positions that the patient can
easily attain with more challenging ones. Fig. 3 describes the
overall direction of adjustment in each exercise task. When
the subject attains the adjusted target positions more than
once, they are kept for the following sessions. When the
subject cannot attain the adjusted targets at all, the positions
are readjusted until the patient can attain them.
E. Therapy Procedure
Fig. 5 describes the overall therapy procedure. Physical
therapy starts with a short greeting. Then the uBot-5 initiates
each task in turn by displaying a recorded instruction video
on the LCD monitor that is mounted on top of the robot;
See Fig. 4a. For instance, before initiating Task 1, the uBot5 displays a video instruction that describes the task; See
Fig. 4b. In the video, the therapist says “Clasp your hands
together and reach out to touch my hand” and the uBot5 provides the first target position for the two-arm reach-

Greeting
"Hi, thank you for coming in today. I am
going to give you some instructions for
different exercises that we are going to do
together."
Task 1

(a) LCD monitor is (b) A recorded instruc- (c) A list of refreshment
mounted on the uBot-5. tion on a task.
options.

"Clasp your hands together and reach out to
touch my hand."

Fig. 4: Before each exercise task, the recorded instruction and
demonstration are displayed on the LCD monitor which is
mounted on the uBot-5. During the break between exercises,
a short video clip is displayed based on the patient’s choice.

Exercise for 5 minutes
"Good job. Now it is time to take a break."
Break for 5 minutes

touch exercises with its hands. When the patient successfully
reaches and touches the uBot-5’s hand, the uBot-5 provides
the next target position. At completion of a 5-minute exercise, the uBot-5 displays a recorded video clip in which the
therapist says “Good job. It is time to take a break.” The
exercise is followed by approximately five minutes of rest.
During the break, a list of refreshment options is provided
on the uBot-5’s LCD monitor; see Fig. 4c. A short video clip
or audio chosen by the patient is played during the break.
Task 2 and 3 are done likewise. The exercise Task 1, 2, and
3 are repeated in an order until the patient feels tired and
wants to stop.

Task 2
"Please put your right arm on the table and
slide it to reach my hand."
Exercise for 5 minutes
"Nice work. Now it is time to take a break."
Break for 5 minutes
Task 3
"Put your right arm on the table. Slide it
and turn it to reach my hand."
Exercise for 5 minutes

IV. RESULTS

"Good job. Now it is time to take a break."

A. Task-Specific Progress
We logged the number of movements and corresponding
target positions that the patient successfully made at each
session as we made adjustments; see Fig. 6. The target
positions that were presented to the patient but not attained
were excluded when computing the average. Unlike the
previous study [6], we did not see the continuous increase in
the number of successful movements since we adjusted the
targets to be successively more challenging as the subject
improved in motor function. As you can see in Fig. 6b, the
subject was able to attain the target positions which were
placed higher and farther from the shoulder of the patient
as the study proceeded. It the early sessions of the study, on
average, the Task 1 targets were presented at the height of the
patient’s shoulder. However, as you can see in Fig. 6a, he was
able to reach the targets with the average of 0.34 m higher by
the last session, which is higher than the top of the patient’s
head. For Task 2, the patient was able to reach the targets
with the average of 0.18 m farther than he did in the initial
session. It is interesting to note that, by Session 16, Task 3
became forearm lifting exercise rather than forearm rotating
exercise because of the adjusted challenge level of the target
positions and the improved motor function of the patient. In
the end, the patient was able to reach target positions located
as high as 0.28 m from the table top while initially the patient
was not able to lift his forearm at all. Note that, in Session 14,
the therapist provided instructions on proper movements after
observing the patient complete several exercises. Thereafter,
the subject focused on making correct movements, rather
than simply more movements. This was the fundamental

Break for 5 minutes
Yes
Farewell

Continue?
No

"Thank you for exercising with me today. I
will see you again tomorrow."

Fig. 5: The therapy procedure and recorded script used
during the therapy sessions.

reason for the decrease in the number of movements per
minute.
B. Standardized Assessment
Therapy-induced improvements ware observed in both
FMA and WMFT; see TABLE I and II. The subject demonstrated the ability to actively lift his arm higher, as observed
in the Flexor Synergy item on the FMA. He was able to
lift his arm to his cheek4 whereas initially he was able to
lift his arm only to chest height. On the WMFT, his time
on the three items he did complete decreased from a total
of 14.85 seconds to 4.28 seconds and 9.15 seconds after 6
weeks and 12 weeks respectively. In addition, he was able to
come closer to completing some of the tasks. For example,
he was able to lift his arm almost completely to the top of a
target box (item 2 of the WMFT) on the post-treatment test
4 The

goal is to lift the arm to the ear.
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(a) The number of movements per minute throughout the study. The blue vertical line indicates the session in which the therapist provided feedback on
the subject’s performance.
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(b) The average increases in x, y, and |z| of the target positions attained by the patient in each session throughout the study. Note that the values indicate
the relative average increase with respect to the average values in the very first session.

Fig. 6: The patient was able to keep up the number of exercise movements as he regained motor function although the
presented target positions became successively more challenging throughout the study. Best viewed in color.
TABLE I: Score changes in FMA (points). The three components (out of total four upper extremity assessment components) that are directly related to the prescribed therapy
activities are presented here.
Component
Shoulder/elbow/forearm
Wrist
Co-ordination/speed
Total

Baseline
18/36
3/10
3/6
24/52

After 6 weeks
16/36
4/10
4/6
24/52

After 12 weeks
17/36
4/10
4/6
25/52

TABLE II: Time changes in WMFT (seconds). Only the
items that the patient were able to complete are presented
here.
Component
Forearm to table
Hand to table
Reach and retrieve
Total

Baseline
4.03
5.56
5.26
14.85

After 6 weeks
1.90
1.38
1.00
4.28

After 12 weeks
4.12
2.34
2.69
9.15

after 12 weeks of therapy, yet he was able to lift his arm
only halfway up the box on the initial test.
These observations indicate that he did demonstrate improvement in motor ability. This result also conforms with
the results seen with the tasks he performed with the uBot5, which were made successively more difficult during the
training sessions. Ultimately, it will be important to assess
and observe changes in the subject’s ability to use his arm

for everyday activities.
V. CONCLUSIONS AND FUTURE WORK
A. Conclusions
We envision a future in which robots will reside with
humans to provide general purpose services [22]. These services will include healthcare and rehabilitation. Toward that
end, we investigated a novel approach to physical rehabilitation for patients with stroke in this study. Departing from
the contemporary rehabilitation robotics in which robots are
designed to physically support patient’s movements during
therapy exercises, we employed a general purpose robot
which engages a patient by presenting adaptively challenging
exercise targets. Instead of providing assisting or resisting
robotic forces in order to adjust the challenge level, in our
study the robot provides therapeutic exercises by laying out
the target positions which require different level of efforts
to attain. Our results show that the patient is able to attain
target positions higher and farther from his shoulder as the
therapy proceeds. This improvement is revealed in standardized assessments as well. This supports that use of general
purpose robots in physical therapies has a potential that
can complement other contemporary approaches, especially
in residential settings. Also, exoskeleton robots are easy to
confine the types of therapy activities that can be delivered to
patients. However, robots such as the uBot-5 have potential
to enable more diverse therapy activities, such as ball rolling
or board games, that can induce functional movements that
are more useful for everyday activities.

B. Future Work
Based on these promising results, we plan to extend the
current work in various directions. We intend to establish the
efficacy and effectiveness through a large scale experiment
involving multiple patients which will produce statistically
significant results. Since this is a single subject case study,
it is not clear that similar therapeutic outcome will be consistently observed. Also, the comparative therapeutic effects
of an embodied agent compared to a simulated agent or a
simple game can be studied. A number of empirical study
results suggest that the embodiment can be more effective
when engaging with humans [5], [23]. Embodiment may be
able to achieve longer engagement in physical therapy and,
possibly, lead to increased improvement.
Our anecdotal experience suggests that different patients
may develop different communicative gestures, even in the
same context. During therapy sessions, the subject showed
gestures to express his fatigue and confusion. For instance,
the subject often looked down at the table after exhausting
exercises. When that happened, the subject often failed to
perceive a new target position presented by the robot unless
it was radically different from the previous one. In these
cases, the patient repeatedly looked at the robot’s hands one
at a time, expressing his confusion. These gestures were not
observed with the other subjects of our earlier work. The
robot may be able to run therapy sessions more dynamically
if it can learn the communicative gestures of patients and
respond accordingly.
In this study the strategy of challenge level adjustment
during therapy exercise is coarsely programmed by hand.
Motor function recovery involves rewiring neural pathways
as well as improving muscle strength. Hence, we will need
to wield dynamic strategies when adapting the challenge
level as patients continue to improve motor function. Using
machine learning techniques, it may be possible that we
can program the robot to learn more sophisticated therapy
strategies from human demonstrations, which are not easily
described in words.
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