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Abstract: Upper extremity dysfunction after stroke affects quality of life. Focusing on the shoulder
joint, we investigated the safety and effectiveness of rehabilitation using a shoulder joint hybrid
assistive limb (HAL). Eight patients with chronic stroke and upper extremity functional disability
were enrolled and used a shoulder joint HAL, which assisted shoulder movement based on the user’s
intention, through myoelectric activation of the shoulder flexor. Ten training sessions of 30–40 min
each were performed to assist voluntary movement of upper limb elevation on the affected side
through triggering the deltoid muscle. All patients completed the interventions without shoulder
pain. Surface electromyography evaluation indicated post-intervention improvement in coordinated
movement of the affected upper extremity. Significant improvements in voluntary and passive
shoulder joint range of motion were obtained after the intervention, suggesting improvement in
shoulder muscle strength. A significant decrease in the modified Ashworth scale and improvements
in functional scores in the upper limb were also observed. Along with safe use for our study patients,
the shoulder HAL provided appropriate motor learning benefits. Improvements in shoulder joint
function and whole upper limb function were observed, suggesting that HAL could be an optimal
treatment method.

Keywords: hybrid assistive limb (HAL); shoulder; rehabilitation; robotic rehabilitation; stroke; upper
limb impairment

1. Introduction

Upper extremity dysfunction due to stroke significantly affects activities of daily living,
influencing quality of life [1]. It has been reported that approximately 50% of patients
with stroke continue to experience upper limb dysfunction six months after stroke onset,
and approximately 60% of those with severe or complete paralysis are unable to perform
any movement with their affected limbs [2–4]. Recent advances in imaging examinations,
such as functional magnetic resonance imaging and near-infrared spectroscopy, have
shown that brain plasticity or reorganization can be expected after stroke. Recently, robotic
rehabilitation has emerged as a training method to improve patients’ limb dysfunction
post-stroke [5,6]. The hybrid assistive limb (HAL) is an exoskeletal robot that controls and
assists movements based on bioelectrical activity generated through voluntary movements.
By means of generating feedback to the central nervous system, it has been hypothesized
that this device stimulates functional recovery through inducing plasticity in the impaired
central nervous system [7]. There are four types of HAL, namely, lower limb, single joint
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(for elbow and knee joints), and lumbar types. One study that used a single joint HAL for
the elbows reported improvements in upper limb motor function in patients with stroke [8].
Focusing on shoulder dysfunction after stroke, we previously conducted training using a
shoulder joint HAL developed by our research group in patients with stroke. Furthermore,
we published a case report showing that this training could be performed safely, while
improving shoulder joint function and coordinated movements of the upper limb on
the affected side [9]. Rehabilitation therapy focusing on the shoulder joint is extremely
important, as improving shoulder joint function not only improves activities of daily living,
such as changing clothes, but also ameliorates distal control of the upper extremity and
prevents shoulder pain [10–12]. In this study, we aimed to determine the utility of shoulder
joint HAL training applied in eight patients with chronic stroke and moderate-to-severe
upper limb dysfunction.

2. Materials and Methods
2.1. Patients

Eight patients (six males, two females) were enrolled in this study. Patients’ clinical
data are shown in Table 1. The mean patient age (± standard deviation) was
68.4 ± 8.38 (range, 53–84) years. The mean time from stroke onset was 5.86 ± 6.40 (range,
0.93–19.7) years. All patients showed moderate-to-severe hemiplegia with a shoulder
flexion manual muscle test (MMT) score of ≤2. Their grip power was <50% on the affected
side compared with the unaffected upper limb and three patients were unable to complete
grip dynamometer measurements. In Patient 8, bilateral grip power measurements could
not be measured as the unaffected upper limb had been amputated at the hand level due
to trauma in childhood. This study was conducted in accordance with the Declaration of
Helsinki, with approval from the Ethics Committee of the Tsukuba University Faculty of
Medicine (approval no.: TCRB18-38). All patients provided written informed consent for
participation and publication, including the use of any accompanying images.

Table 1. Patient characteristics.

Number Age Sex Disease Side
From Onset
(Year)

Shoulder MMT Grip Strength (kg)

Affected
Side

Unaffected
Side

Affected
Side

Unaffected
Side

1 53 Female SAH Rt 1.98 2 5 0 17.8
2 84 Male ICH Rt 8.24 2 5 8.1 31.3
3 67 Male CI Lt 0.93 2 5 9.7 26.3
4 68 Male ICH Rt 8.65 2 5 0 33.4
5 71 Male CI Lt 1.60 2 5 6.7 30.3
6 68 Male CI Lt 4.57 2 5 15.7 35.1
7 67 Male ICH Lt 1.20 2 5 11 27.5
8 69 Female CI Lt 19.7 2 5 0 -

CI, cerebral infarction; ICH, intracranial hemorrhage; Lt, left; MMT, manual muscle testing; Rt, right; SAH,
subarachnoid hemorrhage.

2.2. HAL Intervention

We set up the single-joint HAL in accordance with previous studies [5,6]. In brief,
the proximal section of the HAL was fixed to a tripod using an attachment, and the distal
section was fitted to the patient’s upper arm with a belt for the elbow joint, which was
attached to the HAL (Figure 1a). The elbow was extended to its full range of motion (ROM);
the forearm was placed in a slightly externally rotated position to prevent external rotation
of the humerus and was immobilized near the wrist joint using a splint and bandage
(Figure 1b). Flexion electrodes were placed on the skin of the anterior deltoid fibers and
triggered for upper limb elevation. Instead of using the electrodes as triggers, relaxation of
the shoulder flexor muscle and gravity functioned to trigger extension. The ground was
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placed on the bone touching the site where the bone was palpable, without interfering with
the surface electromyography device.
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Figure 1. Images of the shoulder joint HAL device. (a) Single-joint HAL fixed to a tripod with
attachments, (b) shoulder joint HAL fixed with splints and an elastic bandage. HAL, hybrid
assistive limb.

The upper limb raising angle during training was measured prior to fitting the HAL,
and the shoulder joint ROM was initiated at approximately 20◦ less than the ROM at
the shoulder joint and then gradually increased while observing the training condition.
Two methods were used to adjust the actual angle: (i) adjustment of the HAL, and
(ii) adjustment using a tripod attachment. The HAL angle could be adjusted from 0◦

to 120◦, and was used for adjustment. When the HAL assist angle of 120◦ was considered to
be insufficient, a further increase in the angle of elevation was obtained through changing
the tilt of the HAL itself using a tripod attachment.

All eight patients who participated in the study underwent a total of 10 HAL train-
ing sessions, with each session lasting 30–40 min, with at least one week between each
intervention. The actual training time for upper extremity raising was approximately
20–30 min, including breaks, after approximately 5–20 min for electrode preparation and
HAL placement and removal.

During training, a therapist stabilized the medial side of the patients’ forearms to
avoid excessive internal rotation or flexion of the upper limbs during the raising of the
upper limbs. The direction of upper limb elevation was evaluated while observing the
raising of the scapular plane, which needs to be considered to prevent excessive interference
between the humerus and scapula (Figure 2). The pace of each exercise was set so that
patients could fully extend their arms one at a time to avoid vigorous raising and then
repeat raising the upper arm.
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Upper extremity elevation at a 30–45◦ angle between the line connecting the bilateral
acromion and the line connecting the acromion to the elbow joint is optimal to avoid
interference between the scapula and humerus.

2.3. Assessments
2.3.1. Safety

Medical interviews and situational examinations were conducted to assess all partic-
ipants for adverse symptoms, such as shoulder pain, occurrence of additional physical
dysfunction, and the presence of serious adverse events. Serious adverse events were
defined as any undesirable medical event that occurred while wearing the HAL or during
the training period, or when at home, which required hospitalization for treatment or
resulted in permanent or significant disability or dysfunction.

2.3.2. Efficacy

Evaluations were conducted one week prior to the start of training and one week
following the end of training.

Shoulder Joint Function

Shoulder joint ROM during voluntary and passive shoulder flexion was assessed to
evaluate the shoulder joint function on the affected side, and a manual muscle test (MMT)
was performed to evaluate muscle strength during shoulder flexion.

Surface Electromyography

Wireless surface electromyography devices were placed on the trapezius, deltoid,
infraspinatus, pectoralis major, biceps brachii, and triceps brachii muscles of the impaired
side, and the Trigo™ Lab wireless surface electromyography system (Delsys Inc., Boston,
MA, USA) was used to evaluate muscle activity before and during HAL training, while
raising the upper limb of the affected side. The obtained values were band-pass filtered
(30–400 Hz), rectified and integrated over a 50 ms local time window, and divided into
cycles of repeated upper limb raising exercises, after which the average activity pattern
per cycle without and with HAL was obtained. We subsequently compared the activity
patterns of each muscle with and without HAL at the first and tenth intervention sessions
according to the peak of the averaged patterns, respectively.

Motion Analysis

An optical three-dimensional motion analyzer (MX System, Vicon Motion Systems
Ltd., Oxford, UK) was used to analyze motion during elevation of the upper limb on the
affected side. Surface markers were placed on the spinous processes of C7 and T10, at the
shoulder peak and the lateral epicondyle of the humerus. The trunk axis was defined as
the line from C7 to T10, and the humeral axis was defined as the line from the shoulder
peak to the lateral epicondyle of the humerus. The angle between these axes was calculated
and detected as the angular velocity based on the time from the drooped position to the
point of maximum reach.

Upper Limb Function and Activity

The upper limb function on the affected side was evaluated using the sum of modified
Ashworth scale (MAS) scores in the affected upper limb (range, 0–28; shoulder flexion,
elbow flexion, extension forearm rotation and extraversion, and wrist flexion and extension),
and Fugl Meyer assessment—upper extremity (FMA-UE), action research arm test (ARAT),
and box and block test (BBT) scores. Grip strength in the sitting position was measured
to indicate hand function. A digital measuring device capable of measuring at ≥5 kg was
used and, if measurement was not possible, the evaluation was performed at 0 kg.
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2.4. Statistical Analysis

All data are presented as mean ± standard deviation. A Wilcoxon signed rank test was
applied to examine shoulder joint ROM, MAS scores, upper limb function scores (FMA-
UE, ARAT, BBT), and surface electromyography (EMG) data in each muscle. Statistical
significance was set at 5%. JMP ver. 17.0.0 software was used for all statistical analyses.

3. Results
3.1. Safety

All patients performed the 10 shoulder HAL training interventions without any
apparent adverse events, including shoulder pain. The mean duration of the 10 motion
training sessions was 112 ± 33.7 days (77–168 days). The average time of shoulder joint
elevation per training session was 156.1 ± 31.4 min; the average time of the first training
session was 93.1 ± 34.4 min, and the average time of the tenth training session was
196.3 ± 40.3 min.

3.2. Efficacy
3.2.1. Shoulder Joint Function

The results for shoulder joint ROM pre- and post-intervention are shown in Figure 3.
Pre-intervention, voluntary shoulder joint ROM measurements were: flexion,
60.0◦ ± 11.6◦; abduction, 64.4◦ ± 13.2◦; and 69.4◦ ± 14.5◦ of scapular plane movement, and
passive ROM measurements were: flexion, 106.3◦ ± 18.7◦; abduction, 93.8◦ ± 12.5◦, and
108.8◦ ± 16.2◦ of scapular plane movement. Post-intervention, voluntary shoulder joint
ROM measurements were: flexion, 85.6◦ ± 15.0◦ (p = 0.008); abduction, 77.5◦ ± 12.5◦

(p = 0.008); and 87.5◦ ± 12.5◦ of scapular plane movement (p = 0.047). Passive shoulder joint
ROM measurements were: flexion, 118.1◦ ± 14.9◦ (p = 0.008); abduction, 105.0◦ ± 18.1◦

(p = 0.031); and 118.8◦ ± 13.4◦ (p = 0.047) of scapular plane movement. All parameters
showed significant improvement compared with pre-intervention measurements.
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Pre-intervention, all eight patients had an MMT score of 2 for both flexion movements.
Post-intervention, two patients showed improvement, with flexion scores improving to 4
in Patients 1 and 5.

3.2.2. Surface Electromyography

The results of surface EMG before and during the initial training with and without
HAL are shown in Figure 4. We compared surface EMG findings during initial upper
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extremity raising of the affected side with and without HAL. These showed a significant
decrease in mean activity in the deltoid muscle from 8.77 × 10−5 ± 4.04 × 10−5 without
HAL to 6.34 × 10−5 ± 3.75 × 10−5 when wearing HAL. No significant changes were
observed in the other muscles.
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The surface EMG findings before and during HAL application at the tenth training
session are shown in Figure 5. We compared surface EMG findings during raising the
affected upper limb with and without HAL at the tenth session. These showed that mean
activity significantly decreased from 8.98 × 10−5 ± 3.79 × 10−5 without HAL in the deltoid
muscle to 4.88 × 10−5 ± 2.45 × 10−5 when wearing HAL (p = 0.016). Furthermore, a
significant decrease from 2.21 × 10−4 ± 2.31 × 10−4 to 1.37 × 10−4 ± 1.56 × 10−4 was
observed in the trapezius muscle (p = 0.008) and a decrease from 3.62 × 10−5 ± 2.29 × 10−5

to 2.29 × 10−5 ± 1.70 × 10−5 in the infraspinatus muscle (p = 0.039) when wearing HAL
compared with not wearing HAL, respectively.
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Figure 5. Comparison of surface EMG activity during upper limb raising before and after HAL
application in the tenth training intervention session. * p < 0.05. HAL, hybrid assistive limb.

A significant decrease was observed in the deltoid muscle activity when wearing the
HAL compared with prior to wearing the HAL, with no significant change observed in
other muscles.

There was a significant decrease in the deltoid, trapezius, and infraspinatus muscle ac-
tivity when wearing the HAL compared with prior to wearing the HAL, with no significant
change noted in the other muscles.
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3.2.3. Motion Analysis

The maximum angular velocity during upper extremity elevation pre- and post-
intervention showed a significant improvement in angle degree per second from
102.2 ± 41.6 to 140.7 ± 46.8 (p = 0.039) in flexion and from 104.9 ± 50.5 to 140.5 ± 45.3
(p = 0.023) in the scapular plane (Figure 6). We showed upper extremity elevation in
Movies S1 and S2.
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Figure 6. Motion analysis of raising the affected side of the upper limb in the standing position
without HAL. * p < 0.05. HAL, hybrid assistive limb.

The maximum angular velocity during flexion and scapular elevation was significantly
improved post-intervention compared with pre-intervention.

3.2.4. Upper Limb Function and Activity

The total MAS score in the upper limb showed a significant decrease from 9.1 ± 2.3
pre-intervention to 5.4 ± 2.9 post-intervention (p = 0.008). The results of FMA-UE test pre-
and post-intervention are shown in Figure 7. The pre-intervention FMA-UE score was
29.9 ± 11.1, which significantly improved to 35.5 ± 12.1 post-intervention (p = 0.016).
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The results of ARAT and BBT scores pre- and post-intervention are shown in
Figure 8. Pre-intervention, the ARAT score was 11.5 ± 12.7, which significantly improved to
16.25 ± 14.6 post-intervention (p = 0.016). Pre-intervention, the BBT score was 7.8 ± 14.9, which
improved to 9.9 ± 14.2 post-intervention but without statistical significance
(p = 0.125). Three of eight patients had hand function difficulties, and their BBT scores were
0 both pre- and post-intervention.
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Post-intervention grip strength did not improve significantly; however, two of the
three patients who had pre-intervention difficulty achieving a measurement could achieve
a post-intervention measurement, with Patient 1 improving grip strength to 7.4 kg and
Patient 4 improving grip strength to 9 kg.

4. Discussion

In this study, we aimed to test the safety and effectiveness of a shoulder joint HAL
through using HAL to treat patients with stroke and moderate-to-severe upper limb
dysfunction. In all eight patients, we observed shoulder joint contracture and muscle
weakness on the affected side but training the upper limb to rise using the shoulder joint
HAL could be performed safely without shoulder pain. Due to its instability, the shoulder
joint is prone to shoulder pain when an upper limb is affected and, once hemiplegic shoulder
joint pain develops, it is challenging to resolve and can significantly affect patient’s quality
of life [2,13]. Therefore, in conventional training, avoiding shoulder flexion beyond 90◦

is recommended to prevent shoulder pain [14,15]. Our study findings indicate that this
technique can be safely performed if the shoulder MMT score is maintained at a muscle
strength of at least 2, even if a relatively severe limitation in shoulder joint ROM is observed.

Limb dysfunction after stroke is problematic, not only in terms of muscle weakness,
but also in terms of coordinated muscle movements. HAL treatment has the possibility of
improving coordination through motor learning [16]. We have also used HAL for elbow
extension training for patients with spastic cerebral palsy, with a focus on achieving elbow
flexor and extensor movement separately. Coactivity between biceps and triceps brachii
decreased following HAL sessions and active elbow extension improved [17]. Previously,
we published reports showing improved coordinated movement in a patient with chronic
stroke and in patients after C5 palsy [9,18,19].

In this study concerning evaluation of shoulder joint ROM, surface EMG played a cen-
tral role in motion analysis. The shoulder joint has a high degree of freedom, accompanied
with various types of muscle movement. Previous studies have utilized different methods
to analyze shoulder movements. Tigrini et al. evaluated motion intention through pattern
recognition methods in relation to upper limb surface EMG [20,21]. Rivela et al. evaluated
the surface EMG of trunk muscles other than upper limb muscles [22,23]. Additionally,
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several studies examined patients with shoulder disarticulation, focusing on the shoulder
joint itself [23–25]. In our study, we selected the trunk muscles, including the trapezius,
deltoid, infraspinatus, and pectoralis major muscles as well as upper limb muscles, such as
biceps brachii and triceps brachii muscles, to evaluate surface EMG with and without HAL,
based on previous studies [17,18,26].

Surface EMG findings showed co-activation of the trapezius, infraspinatus, and deltoid
muscles when the upper limb was raised without the HAL in both the first and tenth
sessions. In contrast, during the initial upper limb raising with HAL, only the deltoid
muscles showed a decrease in activation. However, during the tenth training session, a
significant decrease in activation was observed in the trapezius and infraspinatus muscles
compared with upper limb raising without HAL, suggesting reduced co-activation of
these muscles during upper limb raising with HAL. In a previous report [26], in which
healthy participants performed upper limb raising with HAL, there was more contraction
of the deltoid, trapezius, and infraspinatus muscles with HAL than without. These results
suggest that HAL treatment for the shoulder joint in the present study improved muscle
coordination during upper limb raising, and that treatment using the shoulder HAL for
patients with chronic stroke and upper limb dysfunction may have the same motor learning
effect as shown in previous reports [9,16–19]. Post-intervention, our study patients also
showed improvement in muscle tone of the entire upper extremity, which we consider also
contributed to improvement in coordinated movement.

To evaluate efficacy, patients in the chronic phase six months after stroke onset were
included to exclude recovery of function and movement due to natural progression after
stroke [27]. After shoulder HAL intervention, both voluntary and passive shoulder joint
ROM significantly improved, and motion analysis showed that the patients were able to
raise the affected upper extremity higher and more quickly, suggesting improved peri-
shoulder muscle strength. The MMT is only a reference evaluation, as it is affected by
automatic ROM as well as by muscle strength; however, two of eight patients showed
improvement (from 2 to 4), which suggested an improvement in muscle strength. Tests
to assess upper extremity function and movement, namely, the FMA and ARAT, also
showed significant score improvement post-intervention, which indicates that there was
improvement in the upper limb as a whole, along with improved shoulder joint function.
Moreover, two of eight patients showed improvements in grip strength, which they had
been unable to perform pre-intervention, indicating an improvement in hand function.
Overall, our results show that shoulder HAL is a safe and effective treatment for patients
with chronic stroke and moderate-to-severe upper limb dysfunction.

Limitations

The limitations of this study are as follows. First, to be cautious and to closely monitor
the development of shoulder pain, this intervention was performed 10 times with at least
one week between each intervention. Therefore, the 10 interventions were completed in an
average of 112 days, resulting in a low intervention frequency. Second, the intervention
targeted patients in the chronic phase to remove the influence of spontaneous recovery after
stroke and an average of 5.86 years had passed from stroke onset to intervention. Third, the
study environment was not conducive to effective rehabilitation for patients with stroke, as
rehabilitation after stroke is more effective when undertaken at a shorter time from stroke
onset and the amount of rehabilitation is more effective when performed 5–7 days per
week [28]. Therefore, it is necessary to consider when and how to perform shoulder HAL
treatment in future, as training may be more effective if intervention studies are conducted
earlier and more frequently. Finally, when selecting our study patients, we focused on
shoulder joint function only. As such, pre-intervention grip strength measurements could
not be achieved in three of eight patients and hand function was often sub-optimal in
the other patients. Upper limb movement is effective only when the patient can perform
“grip and release” and “pinch and release” hand movements, in addition to reaching
movements of the shoulder and elbow joints, and ARAT and BBT evaluations are based on
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this assumption [29,30]. Upper limb dysfunction after stroke varies from patient to patient,
and it is important to decide which training should be administered to which patients [31].
Our study results suggest that HAL can improve shoulder joint function and also improve
upper limb function and movement.

5. Conclusions

We used shoulder joint elevation training using a single-joint HAL in eight patients
with chronic stroke and moderate-to-severe upper limb dysfunction. Shoulder joint ROM
improved, suggesting an increase in muscle output of the peri-articular muscles of the
shoulder joint. In addition, improvements in muscle tone of the entire upper limb were
observed, and significant improvements in FMA-UE and ARAT scores were also obtained,
indicating improvements in function and movement of the affected upper limb. These
findings suggest that the shoulder HAL may be an effective rehabilitation strategy for
upper limb dysfunction after stroke.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12031215/s1. Movie S1. Elevation of the affected side of the upper
limb with shoulder flexion pre-intervention in Patient 5. Movie S2. Elevation of the affected side of
the upper limb with shoulder flexion post-intervention in Patient 5.

Author Contributions: Conceptualization, Y.S., Y.H. and M.Y.; Methodology, M.T., Y.S., H.K. and
Y.H.; Validation, Y.S., H.K., Y.H. and M.Y.; Formal analysis, H.K.; Investigation, M.T., Y.S., H.K., S.K.,
Y.K. and Y.O.; Data curation, M.T.; Writing—original draft, M.T.; Writing—review & editing, M.T.,
Y.S., H.K., S.K., Y.K., Y.O., Y.H. and M.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee of the Tsukuba University Faculty of Medicine
(approval no.: TCRB18-38).

Informed Consent Statement: Informed consent was obtained from all participants.

Data Availability Statement: Not applicable.

Acknowledgments: We appreciate Mayuko Sakamaki and Yumiko Ito, Center for Innovative Medicine
and Engineering, University of Tsukuba Hospital, for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lloyd-Jones, D.; Adams, R.J.; Brown, T.M.; Carnethon, M.; Dai, S.; De Simone, G.; Ferguson, T.B.; Ford, E.; Furie, K.; Gillespie,

C.; et al. Executive summary: Heart disease and stroke statistics—2010 update: A report from the American Heart Association.
Circulation 2010, 121, 948–954. [CrossRef]

2. Broeks, J.G.; Lankhorst, G.J.; Rumping, K.; Prevo, A.J. The long-term outcome of arm function after stroke: Results of a follow-up
study. Disabil. Rehabil. 1999, 21, 357–364. [CrossRef] [PubMed]

3. Lai, C.H.; Sung, W.H.; Chiang, S.L.; Lu, L.H.; Lin, C.H.; Tung, Y.C.; Lin, C.H. Bimanual coordination deficits in hands following
stroke and their relationship with motor and functional performance. J. Neuroeng. Rehabil. 2019, 16, 101. [CrossRef] [PubMed]

4. Kwakkel, G.; Kollen, B.J.; van der Grond, J.; Prevo, A.J. Probability of regaining dexterity in the flaccid upper limb: Impact of
severity of paresis and time since onset in acute stroke. Stroke 2003, 34, 2181–2186. [CrossRef] [PubMed]

5. Marshall, R.S.; Perera, G.M.; Lazar, R.M.; Krakauer, J.W.; Constantine, R.C.; Delapaz, R.L. Evolution of cortical activation during
recovery from corticospinal tract infarction. Stroke 2000, 31, 656–661. [CrossRef]

6. Bertani, R.; Melegari, C.; De Cola, M.C.; Bramanti, A.; Bramanti, P.; Calabrò, R.S. Effects of robot-assisted upper limb rehabilitation
in stroke patients: A systematic review with meta-analysis. Neurol. Sci. 2017, 38, 1561–1569. [CrossRef]

7. Saita, K.; Morishita, T.; Arima, H.; Hyakutake, K.; Ogata, T.; Yagi, K.; Shiota, E.; Inoue, T. Biofeedback effect of hybrid assistive
limb in stroke rehabilitation: A proof of concept study using functional near infrared spectroscopy. PLoS ONE 2018, 13, e0191361.
[CrossRef]

8. Okuno, T.; Takeuchi, T.; Takeda, E.; Izumi, Y.; Kaji, R. Clinical uses of a robot (hybrid-assisted limb or HAL™) in patients with
post-stroke spasticity after botulinum toxin injections. J. Med. Investig. 2021, 68, 297–301. [CrossRef]

https://www.mdpi.com/article/10.3390/jcm12031215/s1
https://www.mdpi.com/article/10.3390/jcm12031215/s1
http://doi.org/10.1161/CIRCULATIONAHA.109.192666
http://doi.org/10.1080/096382899297459
http://www.ncbi.nlm.nih.gov/pubmed/10503976
http://doi.org/10.1186/s12984-019-0570-4
http://www.ncbi.nlm.nih.gov/pubmed/31375122
http://doi.org/10.1161/01.STR.0000087172.16305.CD
http://www.ncbi.nlm.nih.gov/pubmed/12907818
http://doi.org/10.1161/01.STR.31.3.656
http://doi.org/10.1007/s10072-017-2995-5
http://doi.org/10.1371/journal.pone.0191361
http://doi.org/10.2152/jmi.68.297


J. Clin. Med. 2023, 12, 1215 11 of 11

9. Taketomi, M.; Shimizu, Y.; Kadone, H.; Hada, Y.; Yamazaki, M. Hybrid Assistive Limb Intervention for Hemiplegic Shoulder
Dysfunction Due to Stroke. Cureus 2021, 13, e19827. [CrossRef]

10. Kamkar, A.; Irrgang, J.J.; Whitney, S.L. Nonoperative management of secondary shoulder impingement syndrome. J. Orthop.
Sports Phys. Ther. 1993, 17, 212–224. [CrossRef]

11. Lindgren, I.; Lexell, J.; Jönsson, A.C.; Brogårdh, C. Left-sided hemiparesis, pain frequency, and decreased passive shoulder range
of abduction are predictors of long-lasting poststroke shoulder pain. PMR 2012, 4, 561–568. [CrossRef]
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