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Abstract— Harmony is a bimanual upper-limb exoskeleton
designed for post-stroke rehabilitation. It moves the subject’s
shoulders and arms through their entire ranges of motion while
maintaining natural coordination, is capable of force/torque
control of each joint, and is equipped with sensors to measure
motions and interaction forces. With these capabilities Har-
mony has the potential to assess motor function and create
individualized therapy regimens. As a first step, five stroke
survivors underwent rehabilitation sessions practicing multi-
joint movements with the device. Each participant performed
a total of 1130 motions over seven hours of therapy with no
adverse effects reported by participants or the attending thera-
pist, supporting the suitability of Harmony for use in a clinical
setting. Donning and doffing time averaged 3.5 minutes and
decreased with therapist experience. Reported levels of stress,
anxiety, and pain indicate that the Harmony safely assisted
in the completion of the trained movements and has great
potential to motivate and engage patients. We developed a novel
methodology for assessing coordination capability and results
from the study indicate that Harmony can enable therapists to
identify neuromuscular weakness and maladaptive coordination
patterns and develop targeted interventions to address these
aspects of upper-limb function. The results suggest Harmony’s
feasibility and show promising improvements, motivating future
study to gain statistical support.

I. INTRODUCTION

Stroke is a leading cause of long-term disability, which
leaves a substantial portion of the US population with
permanent impairments that limit their ability to perform
activities of daily living (ADLs) [1]. Previous studies have
reported that robotic-assisted rehabilitation can improve mo-
tor recovery after stroke and that robotic devices are safe
and feasible in delivering rehabilitation [2], and others have
shown that their outcomes are better or equivalent compared
to conventional therapy with regard to improvements in
ADLs and arm function [3–5].

Developing interventions for post-stroke motor rehabili-
tation is complicated by the complex biomechanics of the
upper-limb. In particular, every arm movement is achieved by
a kinematic coordination in the shoulder girdle joints known
as the scapulohumeral rhythm (SHR) [6]. Post-stroke, most
individuals with hemiparesis experience flaccid paralysis of
the shoulder and spasticity, resulting in limited range of

This work is supported, in part, by the National Science Foundation,
TIRR Foundation, and CAPES (Brazil).

A. C. de Oliveira, C. G. Rose, K. Warburton, E. M. Ogden, and A.
D. Deshpande (corresponding author) are with the Department of Mechan-
ical Engineering, The University of Texas at Austin, Austin, TX, USA
ashish@austin.utexas.edu

B. Whitford and R. K. Lee are with St. David’s Rehabilitation Hospital,
St. David’s HealthCare, Austin, TX, USA

3) Inward Diagonal2) Outward Diagonal1) Forward Reaching

4) Scapular Elevation 5) Elbow Extension6) Shoulder Rotation

Fig. 1: Harmony, a bimanual upper-limb exoskeleton, powered six key
movements for the participants: 1) forward reaching; 2) proprioceptive
neuromuscular facilitation (PNF) D2 pattern [14] (“outward diagonal”);
3) PNF D1 pattern (“inward diagonal”); 4) scapular elevation; 5) elbow
extension with forearm pronation; and 6) internal-external humeral rotation
near the open packed position of the GH joint (“shoulder rotation”). The
green semi-transparent portion represents the motion’s final position.

motion (ROM) , shoulder pain, and an abnormal SHR [7–
9]. Additionally, some stroke survivors with moderate to
severe impairment exhibit abnormal torque coupling pat-
terns during isometric tasks [10]. These abnormal interjoint
patterns can be caused by various reasons like exaggerated
stretch reflexes, increased muscle tone, and abnormal neural
activity [11]. However, other stroke survivors exhibit neu-
romuscular weakness that largely limit workspace ROM and
force outputs, which might lead to impaired motor behaviors.
Post-stroke therapeutic interventions must be able to apply
biomechanically-consistent forces in sync with the SHR to
prevent serious negative effects [12, 13] and provide informa-
tion to discern whether impaired motor function originates
from neuromuscular weakness or maladaptive couplings.

Despite the promise of robotic rehabilitation and the im-
portance of supporting the SHR, there has been limited devel-
opment of interventions that support the coordinated move-
ments in the shoulder complex. A variety of robotic exoskele-
tons have been developed to match shoulder movements [15–
21] , but they are not capable of retraining biomechanically-
sound motion supporting all significant DOF in the shoulder
complex. Harmony (Fig. 1) is an exoskeleton designed for
post-stroke interventions capable of supporting the natural
arm movements for a wide range of body dimensions [22]
due to its shoulder mechanism that actively supports SHR
with a baseline control algorithm that elevates the shoulder
girdle following a predefined SHR ratio of scapular and
humeral motion (for more information, see [23]).



Beyond this novel mechanical design, Harmony’s sensing
and control provide therapists with higher-level information
about the wearer’s performance in important areas such as
neuromuscular weakness or abnormal interjoint couplings.
One way to discern the underlying nature of a person’s im-
paired motor function is through isometric tasks with specific
force output requirements [10]. This method can identify
whether the impaired motion is originated by neuromuscular
weakness or maladaptive couplings, and is helpful for partici-
pants who can initiate or provide some forces near the start of
the motion, but are unable to complete it [24]. Furthermore,
isometric joint torque generation exercises may be more
effective for learning in the upper-limb [25]. For a given
task, we herein hypothesize that if a person can generate
sufficient force magnitude but still cannot complete the task,
it is likely that they lack the proper interjoint coordination
pattern. Clinicians can further use information from isometric
tasks to design individualized interventions addressing either
neuromuscular weakness through strengthening exercises, or
maladaptive couplings with coordinated therapy.

Ultimately, Harmony will be used to compare the out-
comes of robotic therapy that supports individualized and
biomechanically-consistent force application and the out-
comes of the conventional therapy. Before Harmony’s ca-
pabilities at developing individualized regimens can be vali-
dated broadly, we establish its feasibility for use in therapy.
This paper presents 1) results supporting the robot’s capacity
to safely work with a post-stroke individual for passive
stretching and assisted training, 2) feedback from users and
therapists, and 3) results supporting Harmony’s potential to
assess neuromuscular weakness and joint coordination.

II. MATERIALS AND METHODS

We developed and implemented a state-of-the-art inter-
action control paradigm in a multi-session experimental
protocol and measured a wide range of aspects of these
interactions and the impacts they had on the participants.

A. Harmony Interaction Control

Harmony is powered by Series Elastic Actuators (SEA)
in each of its joints, which enables joint-level torque mea-
surement and control. It can actively impart torques to seven
DOF (elevation-depression and protraction-retraction of the
shoulder girdle; abduction-adduction, flexion-extension, and
medial-lateral rotation of the shoulder; flexion-extension of
the elbow; and pronation-supination of the forearm) in both
arms over a wide ROM. In addition to gravity compensation
and support of the SHR in the baseline controller, passive
stretching and active exercises have been implemented in
Harmony. In passive stretching exercises, the baseline con-
troller of Harmony was supplemented with an impedance
controller to assist the user during the execution of pre-
programmed trajectories. As a result, the robot drives the user
along the path with some compliance to ensure safe human-
robot interaction. The drawback of this strategy is that it
might lead to slacking, since it does not use any measure of
user’s effort or performance to adapt the controller’s output.

One way to require active participation is through the use
of a triggered mode. In this mode, Harmony allows motion
only after a wearer overcomes a force threshold in a specific
direction, and can be further analyzed as an isometric task.

Similarly, assist-as-needed (AAN) strategies attempt to
reduce slacking by adapting robotic assistance according to
the user’s performance via adjustment of either the controller
[26, 27] or task parameters [28, 29] with a performance-
based adaptive control law. In active exercises, Harmony
uses an impedance-based AAN strategy detailed in [30]. The
adaptation law consists of a forgetting factor, which is a
proportion from 0 to 1 of the adaptation gain calculated
in the previous iteration, and an error gain, which is a
positive coefficient that multiplies an error metric. The error
metric is calculated as the accumulated error in a given time
window. The forgetting factor ensures that the controller does
not get trapped in the maximum assistance level when the
participant’s effort decreases, thus discouraging slacking. The
gain error will tune the adaptation to the current observed
performance within a reasonable time period, which, in this
case, is approximately the time to complete one repetition.

B. Experimental protocol

The protocol, approved by the Institutional Review Board
of The University of Texas at Austin (2017-10-0033), con-
sisted of seven one-hour training sessions over three and a
half weeks (two per week), and evaluation sessions carried
out before the first training session to set the baseline (pre-
study), and after the last training session (post-study), with
an occupational therapist (OT) present for all sessions.

1) Task Design: Trained movements were pre-
programmed reference trajectories recommended by the
clinicians to target the difficulty with voluntary extension
and lateral movements often experienced by post-stroke
patients (Fig. 1). In each training session, the participants
underwent two groups of exercises: the first group consisted
of six sets (one for each exercise) of five repetitions with
full robotic assistance (passive stretching). The second
group (assisted training) consisted of six blocks (one for
each exercise), each including three sets of seven repetitions
with robotic assistance being modulated by the position
error in joint space. Each block starts with two repetitions
with full robotic assistance, with the purpose to provide
proprioceptive feedback of the movement and facilitate
the movement initiation. After the two repetitions, the
three sets of seven repetitions start, each preceded by an
isometric triggering phase. To trigger the set, the participants
were required to apply forces with magnitudes larger than
specified thresholds and that lie within a 20◦cone around the
desired force directions determined for each exercise. The
desired force magnitudes and directions were determined
by the average force application of four healthy participants
(three male and one female, with average age of 25 ± 2
years) performing each of the motions. The triggering period
was programmed to time out after a predefined period of
time (10 seconds), initiating the set of assisted training.



More details of the criteria used in the post-processing of
triggering data are in Section II-D.

2) Donning and Doffing: The donning process was exe-
cuted by the OT with the assistance of one researcher. Once
seated on a stool, the participant’s arm was attached to the
robot, whose joints were locked in a convenient configura-
tion, starting from proximal to distal points. Harmony was
attached proximally to the wearer with an elastic strap around
the upper arm, and distally with an elastic strap around the
wrist along with custom grippers to the hand.

C. Participants

The target population for this study were post-stroke
individuals that met the following criteria: (1) age between 18
and 85 years, (2) Modified Rankin Score (MRS) less or equal
to four, (3) body dimensions within the limits of Harmony.
They were excluded if they have: (1) recurrent stroke, (2)
unstable cardiovascular, orthopedic, or neurological condi-
tions, (3) history of seizure, (4) significant communication
deficits, (5) severe upper-limb joint pain or limitations that
would restrict their ability to complete the protocols.

Five male participants were enrolled in this study and
underwent the entire protocol. One participant was recruited
but not enrolled due to lack of compliance with the inclu-
sion/exclusion criteria. Table I summarizes the demographics
of the enrolled participants.

TABLE I
DEMOGRAPHIC DATA OF PARTICIPANTS

S1 S2 S4 S5 S6
Age 52 76 51 55 63

Months post onset 12 35 5 30 10
Ischemic/Hemorrhagic I H H I I

Mod. Rankin Score [31] 2 3 3 2 2
Affected Side R R R L L
Handedness R R R R R

D. Data acquisition and analysis

The upper-extremity portion of the Fugl-Meyer (FM-UE)
and the Action Research Arm Test (ARAT) were adopted
as outcome measures of motor function and activity, respec-
tively, due to their reliability [32]. They were administered
by the OT in the pre- and post-study evaluations along
with passive ROM measured with a goniometer. Analysis
of significance in the observed improvements of the FM-
UE and ARAT outcome measures was performed with the
Wilcoxon signed rank one-sided test.

To measure donning time, a stop-watch was started once
participants were seated on the robot’s stool and was stopped
as soon as they confirmed they were comfortable. For doff-
ing, a stop watch was started once the robot was locked and
was stopped as the participants stood up from the stool.

Heart rate, blood pressure, and pain levels were measured
at the start and end of each session, with the pain level
assessed with the Wong Baker Faces Scale [33]. Participants
also answered surveys in each session to assess their anxiety
and perception of safety, with the questions “How safe do
you expect to/did you feel using Harmony?” and “Do you

feel anxious or stressed about the upcoming session?/ Did
you feel anxious or stressed about the session?” on a scale
of “not at all being 1 to very being 10”.

Robot joint angles and torques were measured during the
training sessions as well as interaction forces in the upper-
arm and wrist attachment points. Joint angles were measured
with high-resolution magnetic rotary encoders (Contelec AG
Inc.), and joint torques were obtained from the displacements
measured in the SEAs using the same encoders. Interaction
forces and moments at the upper-arm and the wrist were
measured with six-axis force/torque sensors (ATI Industrial
Automation Inc.). Data was captured with a sampling rate
of 50 Hz and smoothed with a second-order low-pass But-
terworth filter with cut-off frequency of 5 Hz.

In the isometric exercises, a participant may not be able to
“trigger” the motion if they lack the proper joint coordination
in either magnitude or direction, which could be caused
by conditions such as neuromuscular weakness or abnormal
interjoint coordination patterns. We hypothesize that if par-
ticipants had sufficient force outputs to trigger, it is likely
that they lacked the proper interjoint coordination pattern. To
separate these conditions, analysis of interjoint coordination
was performed using estimated human joint torques during
the isometric triggering exercise. The torques in the human
arm joints were estimated using inverse dynamics based on a
kinematic model of the human arm , which is represented by
a 5 DOF kinematic chain (including the shoulder, elbow, and
forearm) [34], and the measured wrenches at the attachment
points. Dynamic parameters of the human arm were esti-
mated based on the total body weight and arm dimensions of
each participant [35]. As an attempt to mitigate effects of cuff
tightness and hypertonia, average offset wrenches in each
attachment point were obtained in a 250 ms time window
immediately before the triggering phase started. To determine
if participants’ inability to trigger motion is related to neu-
romuscular weakness, each participant’s strength capability
was evaluated according to the number of force peaks they
were able to generate and the average force magnitude of
those peaks. A force peak was considered if it was separated
from other peaks by at least 1 second and its magnitude was
greater than the threshold magnitude, which varies for each
exercise in a range of 10 to 20% of the average magnitude
applied by healthy participants.

Force peaks were used to detect attempts to initiate mo-
tion. Each attempt was categorized for post-process analysis
as “triggered”, “almost-triggered”, or “non-triggered”, de-
pending on the angle difference θdiff between the direction
of the force applied and the desired force at the attachment
points. Each attempt was categorized into three groups :
“triggered” if θdiff < 20◦, “almost-triggered” if 30◦< θdiff
< 60◦, and “not-triggered” if θdiff > 60◦. Here we chose
the elbow extension movement to illustrate the capabilities
of Harmony in examining interjoint coordination. Given the
movement characteristics, only the wrist forces were taken
into consideration in the group categorization. The torques
generated by the participant in each trial were averaged over
a 100 ms time window preceding and including the force



peak instant. Torque values were normalized for each partic-
ipant according to the maximum voluntary torque recorded
for each joint in each session.

III. RESULTS

Each participant completed approximately 1130 repeti-
tions over 7 hours of training. The impact these sessions had
on the participants as well as Harmony’s role in identifying
therapeutic goals are discussed in the following section.

A. Changes in ROM and Clinical Scores

The results for FM-UE and ARAT are summarized in
Table II. The mean improvement in FM-UE and ARAT
scores were 5.2 ± 7.8 and 2.0 ± 4.6 points, respectively.
While these are promising results, they were not statisti-
cally significant. The minimal clinically important difference
(MCID), although not standardized for stroke patients, can
be approximated as 10 percent of the full scale [36]. For the
FM-UE and ARAT, the MCID is 6.6 and 5.7, respectively.

TABLE II
COMPARISON OF CLINICAL MEASURES

Pre Post ∆ p-value MCID [36]

FM-UE 27.60 32.80 5.20 0.111 6.60
(15.95) (9.58) (7.82)

ARAT 13.00 15.00 2.00 0.139 5.70
(16.39) (9.58) (4.58)

Some of the participants have demonstrated improvements
in FM-UE larger than the MCID, with the more impaired,
chronic participants experiencing the largest increases (Fig.
2). Similarly, changes in ROM were small and skewed
positive (Fig. 3).

B. Suitability of Harmony in Therapy Regimens

Donning and doffing times generally decreased over time
for each participant (Fig. 4a), and across the study (Fig 4b).
The overall average donning and doffing times are 3’26” ±
1’19” and 1’41” ± 0’29”, respectively.

All participants reported high safety perception and low
anxiety level as assessed by surveys, with average responses
of 9.80 ± 0.41 and 1.17 ± 0.51 for the safety perception and
anxiety or stress level, respectively. No moderate or severe
pain related to the training protocol nor adverse events were
reported. Heart rate averaged 71.7 ± 5.8 bpm and exhibited
a low variation within session for all participants (average
variation of 3.9 ± 2.8 bpm).

C. Harmony’s Potential for Individualized Interventions

Table III summarizes the strength capabilities and success
rate on movement initiation during the triggering phase
of the elbow extension movement. The number of times
the participants successfully triggered the elbow extension
movement did not change significantly from session 1 to
session 7 across participants (Fig. 5).

Torque values generated in the triggered, almost-triggered,
and not-triggered trials are depicted in Fig. 6. Each axis

Fig. 2: The Fugl-Meyer upper-extremity (FM-UE) assessment and Action
Research Arm Test (ARAT) were administered before and after participants
completed their sessions. Some participants have demonstrated improve-
ments in FM-UE larger than the MCID. Of particular interest is the response
of the chronic and more impaired participants S2 and S5. However, some
other (in particular S6) did not benefit from the sessions, perhaps as a result
of their relatively high abilities.
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Fig. 3: Average changes in passive ROM across all participants suggests
that some participants experienced increases, but the measurement modality
(manual goniometry) has a high variability which may obscure the results.

represent one DOF and its direction: Shoulder flexion (SF),
shoulder extension (SE), shoulder adduction (SAD), shoulder
abduction (SAB), shoulder medial rotation (SM), shoulder
lateral rotation (SL), elbow flexion (EF), elbow extension
(EE), forearm pronation (FP), and forearm supination (FS).
Torque values calculated with force data recorded from
healthy participants, used to determine the threshold forces,
are also shown for comparison.

IV. DISCUSSION

The results of this study provide useful insights into the
impact of robotic training, which motivate future studies.



(a) By Participant

(b) Across trials

Fig. 4: Donning and doffing Harmony, when aided by a therapist, took
on average three and a half minutes, with a trend in most participants’
times decreasing over the study shown in subfigure (a). Overall, the times
decreased as the study progressed, with subfigure (b) showing a quick
learning curve for the therapist.
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Fig. 5: The number of times elbow extension was successfully triggered per
session did not change significantly, on average, from session 1 through 7.
Average was calculated across all participants. Transparent bars indicate the
total number of times subject attempted to trigger (if not visible, number
of times triggered is the same as the total number of attempts).

TABLE III
PEAK FORCES DURING ISOMETRIC EXERCISE

Num. Peaks Average peak force (N) Success rate
S1 23 33.55 ± 17.27 74%
S2 10 24.71 ± 10.71 30%
S4 33 46.07 ± 25.01 48%
S5 32 45.35 ± 16.14 19%
S6 35 56.27 ± 22.43 34%

We used FM-UE and ARAT as the indicators of recovery,
and the overall results were positive but not statistically
significant (Fig. 2 and Table II). The lack of significance
was anticipated because of the low number of repetitions

and participants. Improvements in ARAT were somewhat
unexpected since this measure focuses on hand dexterity
and the training protocol targeted proximal joint whole-
arm movements. Clinical studies of the same category have
reported length of intervention with a robotic device varying
from 12 40-minute sessions [37] to 60 90-minute sessions
[38], with total number of repetitions as high as 36000
repetitions [39]. The improvements in FM-UE reported in
those high intensity regimen studies were still subtle, with
a majority of the participants’ improvements lower than the
MCID. Despite the low number of repetitions, improvements
greater than the MCID were observed in this study for
participants S2 and S5, who had the lowest initial FM-UE
scores. On the other hand, no significant improvements were
observed for participant S6, which presented the highest ini-
tial FM-UE score. These results suggest that stroke patients
with mild impairments will have to be further challenged to
see benefits compared with moderate to severe impairments.

Results reported for passive ROM indicate mixed and
subtle changes. While this might be, in fact, caused by
high participant variability, it is more likely that it is re-
lated with the lack of robustness and consistency of the
measurement procedure. Passive ROM was measured using
a manual goniometer, which introduces inconsistencies in
the measurement of joint angles. This motivates the use of
devices like the Harmony exoskeleton as an assessment tool,
because they can provide standardized measures with high
resolution, robustness, and consistency.

Recorded donning and doffing times exhibited a learning
pattern with a decreasing trend overtime. Anecdotal sug-
gestions from clinical partners indicate that donning and
doffing times for rehabilitation devices must be lower than
5 minutes, which was often and on average satisfied in this
study protocol (Fig. 4). Isolated occurrences of donning times
larger than 5 minutes occurred in the first training sessions,
when initial adjustments were necessary.

The low average heart rate variation within session indi-
cates that participants were not stressed, anxious, or exerted,
and were comfortable using Harmony.

The strength capability results (Table III) indicate low
success rate in initiating the elbow extension movement
overall, which could be related with the lack of extrinsic
feedback. Results for S2 show low number of force peaks
and average peak force magnitude. This suggests that the low
success rate in this particular case is likely related with neu-
romuscular weakness. Among all participants, S5 presented
the lowest success rate, but differently from S2, without clear
indication of neuromuscular weakness in the reported results.
These observations suggest that some participants (S2) could
benefit from strengthening exercises whereas others (S5)
should improve their interjoint coordination.

The joint torque pattern that emerged in the successfully
triggered trials is very similar with the pattern identified in
the data collected from healthy participants, (Figs. 6a and
6b). It is worth recalling that the force magnitude require-
ments for stroke participants was 10-20% of the average
magnitude recorded from healthy participants, and that might
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Fig. 6: Polar plots representing torque patterns identified in “triggered”, “almost-triggered”, and “not-triggered” trials. (a) indicates the average torques for
healthy participants (green solid line) with the standard deviation (grey shade). (b) shows average torques during triggered trials across all stroke participants
and the standard deviation. (c) through (e) show the torques recorded in all trials that were almost triggered. Participants S1 and S2 did not generate any
force peaks categorized in this group. (f) through (j) show the torques recorded in all trials that were not triggered. Successful trials present a distinctive
pattern of torques as observed in (a) and (b), which mainly consists of EE, FP, SL, and SAB. Components of this pattern can be found in trials that were
almost triggered, but not in trials that were not triggered. Trials that were not triggered present different patterns across all the participants.

explain why the two patterns differ in total area. Also, we can
observe in Fig. 6b lower shoulder extension (SE) torque, sug-
gesting that stroke participants might have a limited ability to
generate this torque component in this particular movement.
All the patterns that emerged in the almost triggered trials
(Figs. 6c, 6d, and 6e) seem to be incomplete versions with
various components of the successful pattern (Fig. 6b). It is
possible that with extrinsic feedback and guidance from Har-
mony, participants could improve coordination and correct
for missing pieces in their performance. Contrarily, in Figs.
6f through 6j, the patterns present almost no components
of the successful pattern, and in most cases, participants
exhibit high EF, which is unexpected given that the target
movement requires elbow extension. This might be caused
by abnormal interjoint coordination or, again, by a lack of
extrinsic feedback. However, the frequent coupling between
the EF and SAB is particularly interesting as it indicates an
abnormal synergy very often observed in stroke patients, also
known as flexor synergy [40]. The patterns that emerged in
the unsuccessful trials present some similarities among all
participants, excluding the participant S6. This participant
has the greatest initial FM-UE, and therefore exhibits good
interjoint coordination. Interestingly, the patterns generated
by this participant in the unsuccessful trials do not exhibit
EF, and in fact, present many components of the successful
pattern. However, the movement seems to be highly coupled
with other joints, suggesting that improving this participant’s
coordination should be the focus of feedback and interven-
tion design.

This study has a few limitations. First, the number of par-
ticipants precludes drawing statistically significant conclu-
sions. Second, the number of sessions was likely too low to
facilitate motor recovery. However, these tests demonstrated

feasibility and showed promising improvements, motivating
future study to gain statistical support. These future studies
should explore the differences between chronic and acute
participants examined together in this study.

Another limitation is related with the methodology used
to measure passive ROM using goniometry, which did not
seem to be robust. Furthermore, the clinical tests were not
blinded, such that the same therapist that participated in the
training sessions performed the tests with the participants,
and this can potentially influence the results. Finally, the lack
of extrinsic feedback during the triggering phase might have
delayed or even negatively affected the learning process.

We plan to expand this study in the future, increasing the
number of recruited participants and the number of repeti-
tions performed. One of our focuses will be in the validation
of the Harmony exoskeleton as an assessment tool, such that
future studies should rely on Harmony to perform accurate
joint level measurement [41]. Finally, training protocols will
be modified to explore different movements, and investigate
the role of extrinsic feedback in generating initiation forces.

V. CONCLUSION

Harmony provides biomechanically-consistent support to
shoulder-arm movement during post-stroke rehabilitation in-
terventions. Results from this study suggest that Harmony
can safely and comfortably assist in the completion of
beneficial upper-limb interventions with reasonably short
donning-and-doffing times. The observed increase in clinical
scores and positive participant response along with the sug-
gested ability to identify participant-specific aspects of motor
impairments motivates future studies to test the efficacy
of individualized interventions. Interventions with Harmony
have great potential to motivate and engage participants in



high intensity, long duration therapy regimens for stroke
rehabilitation as evidenced by the results of this study.
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