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Objects: To evaluate the feasibility and effectiveness of in-bed wearable elbow robot
training for motor recovery in patients with early and late subacute stroke.

Methods: Eleven in-patient stroke survivors (male/female: 7/4, age: 50.7 ± 10.6 years,
post-stroke duration: 2.6 ± 1.9 months) received 15 sessions of training over about
4 weeks of hospital stay. During each hourly training, participants received passive
stretching and active movement training with motivating games using a wearable elbow
rehabilitation robot. Isometric maximum muscle strength (MVC) of elbow flexors and
extensors was evaluated using the robot at the beginning and end of each training
session. Clinical measures including Fugl-Meyer Assessment of upper extremity (FMA-
UE), Motricity Index (MI) for upper extremities, Modified Ashworth Scale (MAS) were
measured at baseline, after the 4-week training program, and at a 1-month follow-
up. The muscle strength recovery curve over the training period was characterized as
a logarithmic learning curve with three parameters (i.e., initial muscle strength, rate of
improvement, and number of the training session).

Results: At the baseline, participants had moderate to severe upper limb motor
impairment {FMA-UE [median (interquartile range)]: 28 (18–45)} and mild spasticity
in elbow flexors {MAS [median (interquartile range)]: 0 (0–1)}. After about 4 weeks
of training, significant improvements were observed in FMA-UE (p = 0.003) and MI
(p = 0.005), and the improvements were sustained at the follow-up. The elbow flexors
MVC significantly increased by 1.93 Nm (95% CI: 0.93 to 2.93 Nm, p = 0.017) and the
elbow extensor MVC increased by 0.68 Nm (95% CI: 0.05 to 1.98 Nm, p = 0.036).
Muscle strength recovery curve showed that patients with severe upper limb motor
impairment had a greater improvement rate in elbow flexor strength than those with
moderate motor impairment.
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Conclusion: In-bed wearable elbow robotic rehabilitation is feasible and effective in
improving biomechanical and clinical outcomes for early and late subacute stroke in-
patients. Results from the pilot study suggested that patients with severe upper limb
motor impairment may benefit more from the robot training compared to those with
moderate impairment.

Keywords: stroke rehabilitation, robot, recovery time course, upper limbs, subacute stroke

INTRODUCTION

Stroke is the leading cause of long-term disability among adults
in the United States (Virani et al., 2020) and worldwide (Johnson
et al., 2016). More than 795,000 people suffer a stroke in the
United States each year (Virani et al., 2020), and nearly three-
quarters of all strokes occur in people over the age of 65 (Virani
et al., 2020). With an ever-increasing elderly population, the
stroke will continue to be a major health issue (Virani et al.,
2020). Up to 70% of stroke survivors have hemiparesis affecting
the upper extremity and about two-thirds of the stroke survivors
demonstrate a long-term reduction in upper limbmotor function
(Kwakkel et al., 2003; Lee et al., 2015), which restrict their ability
to perform everyday activities, reduce productivity, and limit
social activities (Buma et al., 2013; Lee et al., 2015; Johnson et al.,
2016; Virani et al., 2020). Improving upper limb function is a
core element of stroke rehabilitation needed to maximize patient
outcomes and reduce disability.

The first few months post-stroke are critical for motor
recovery (O’dwyer et al., 1996; Kwakkel et al., 2003; Krakauer,
2006; Mirbagheri et al., 2009; Lee et al., 2015; Winstein et al.,
2016; Kundert et al., 2019), when neural circuits reorganization,
including spontaneous recovery and learning–dependent
processes, dominate during the acute and subacute stages
(Kwakkel et al., 2003; Krakauer, 2006; Lee et al., 2015). However,
multiple studies worldwide have shown that for hospitalized
stroke patients, 50–70% of the daytime they were inactive in
their ward (Bernhardt et al., 2004; Lang et al., 2007; West and
Bernhardt, 2012; Luker et al., 2015), and the time to receive
physical therapy and occupational therapy was estimated to be
less than 3 h per day (Bernhardt et al., 2004; West and Bernhardt,
2012). The duration of the therapeutic session was about 30 min,
while the repetition for passive and active movement in the
upper limb was about 33–50 (Lang et al., 2009). Moreover,
observation showed that affected upper extremity use is minimal
(3.3 ± 1.8 h) during the inpatient rehabilitation stay (Lang et al.,
2007). Patients with severe motor impairment may have few
engagements in the physical activity and intervention for the
affected limb (Luker et al., 2015). However, it has been widely
recognized that the effective way to promote neuroplasticity and
functional motor recovery poststroke is intensive treatments
(Buma et al., 2013) through specific functional (Van Peppen
et al., 2004) and repetitive motor tasks (French et al., 2016).
Apparently, most of the current inpatient stroke rehabilitation
interventions cannot provide the desired training.

Over the past two decades, rehabilitation robots, with the
capability to increase the number of movement repetitions in
a given time compared to conventional therapy and provide

individualized foundational tasks without requiring constant
therapist involvement, have gained much attention in stroke
rehabilitation (Volpe et al., 2000; Veerbeek et al., 2017).
Moreover, robotic devices may also provide a timely quantitative
and sensitive evaluation of the biomechanical performance of the
patients (Ren et al., 2017), which can aid clinicians to manage
the rehabilitation program and optimize the treatment goals for
individual patients.

Despite increasing literature were presented, the effectiveness
of robotics for rehabilitation in upper limb motor poststroke
rehabilitation remains inconclusive (Bertani et al., 2017;
Veerbeek et al., 2017; Ferreira et al., 2018; Mehrholz et al., 2018;
Chien et al., 2020). Robotic therapy adjunct to standard-intensity
conventional therapy wasmore beneficial than standard intensity
conventional therapy alone (Bertani et al., 2017; Veerbeek et al.,
2017; Ferreira et al., 2018; Mehrholz et al., 2018). However, the
meta-analysis also suggested that under similar training intensity,
the improvement of upper limb function was comparable
between robotic therapy and conventional therapy for stroke
survivors (Veerbeek et al., 2017; Ferreira et al., 2018; Chien
et al., 2020). It should be noted that those meta-analysis results
derived in the aggregate of the general stroke population may
not provide the best evidence of practice for stroke survivors
with different levels of impairments (Winstein et al., 2016).
Recent robotic rehabilitation studies reported that chronic stroke
survivors with moderate deficits achieved greater improvement
in motor function from robot-assisted upper limb training than
those with mild motor deficits (Hsieh et al., 2012; Takahashi
et al., 2016; Takebayashi et al., 2020). Therefore, stratification of
stroke participants based on the impairment level is important in
terms of estimating the recovery pattern and prognostication of
outcomes (Veerbeek et al., 2017). Moreover, research in robotic
training in early stroke rehabilitation is still scarce, particularly
for the elbow joint. Elbow extension/flexion is essential for
upper limb function such as reaching and grasping, while the
elbow joint is also the most common and long-lasting affected
post-stroke (Roby-Brami et al., 2003). To our knowledge, there
is a lack of available exoskeleton robots targeting the elbow joint
for in-bed stroke rehabilitation. Most of the existing exoskeleton
robots are complex and expensive (Veerbeek et al., 2017)
that limits their application in the in-patient clinical setting.
Meanwhile, an end-factor controlled robot may not be suitable
for subacute patients with moderate and severe upper limb
control. As an alternative, a portable exoskeleton elbow robot
would be beneficial for in-patient upper limb rehabilitation.
Motivated by the unmet need, we have developed a wearable
elbow robot that can provide both passive stretching and active
game-based training. The active and passive robotic training
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modalities have been suggested to be feasible and effective in
ankle rehabilitation post-stroke (Ren et al., 2017).

The purpose of the present study was to conduct in-patient
rehabilitation training on subacute stroke survivors with
moderate and severe upper limb motor impairment using a
wearable elbow rehabilitation robot. We aimed to: (1) evaluate
the feasibility and effectiveness of a wearable elbow robotic device
in subacute stroke in-bed training; and (2) investigate the active
motor recovery patterns of stroke survivors with severe and
moderate levels of motor impairments. It was assumed that:
(1) a 4-week in-bed robot-guided training would improve elbow
biomechanical properties and motor function; (2) patients with
different motor impairment levels at the baseline would have
different motor recovery patterns.

MATERIALS AND METHODS

Participants
Patients with early subacute (7 days to 3 months post-
stroke) and late subacute (3–6 months) stroke were enrolled
in this study (Bernhardt et al., 2017). Inclusion criteria were:
(1) age of 18–79 years old; (2) first episode of stroke verified
through computed tomography or magnetic resonance imaging;
(3) within 6 months post-stroke with impaired elbow motor
function (grading of hemiplegic elbow joint Medical Research
Council <4), (4) absence of any medical contraindication to
exercise; (5) no gross visuospatial or visual field deficits which
interfered with feedback training using a computer monitor;
(6) the ability to understand and follow oral instructions (follow
direction by order obey ≥1 step); and (7) medically stable.

Exclusion criteria were: (1) traumatic brain injury;
(2) subarachnoid hemorrhage or lacunar infarct without
apparent hemiplegia or hemiparesis; (3) previous upper
limb amputation; (4) previous musculoskeletal problems on
the impaired side including severe arthropathy, arthritis,
or complicated orthopedic surgery on either side; (5) other
degenerative neurologic problems such as Parkinsonism,
Alzheimer’s dementia, or known other dementia; (6) skin lesion,
acute infection on application site of the robotic arm; and
(7) multiple stroke with neurological sequelae. The study was
carried out in conformity with the Declaration of Helsinki;
all patients gave their informed consent to participate in the
study, which had been approved by the local scientific and
ethics committees.

The Wearable Elbow Robot Device
Awearable elbow robot (Rehabtek LLC, LinthicumHeights, MD,
USA) with audiovisual feedback was used for the in-bed elbow
movement training (Figure 1A). The exoskeleton robot included
the upper arm and forearm braces, a servomotor (EC-4 poles,
120W,Maxon Powermax, Sachseln, Switzerland) with a gearhead
(GP32C, ratio 86:1, Maxon Powermax, Sachseln, Switzerland)
and a bevel gear with a ratio of 3:1. The driving linkage was
connected to the forearm brace through a force sensor (MLP-
50, nonlinearity 0.05 lb, Transducer Techniques, Temecula, CA,
USA) to determine the elbow joint torque. The output axis
of the bevel gear was aligned with the elbow flexion axis and

flexed/extended the elbow joint through the force sensor and
forearm brace.

The wearable robot was designed to provide passive
stretching, game-based active movement training with the assist-
as-needed scheme, and evaluation of biomechanical properties,
including muscle strength and elbow range of motion. The
wearable robot was interfaced through a touchscreen computer
for display and user interface (Figure 1B). The user interface
allowed adjustment of the applied torque value, movement
velocity, and difficulty levels of the active movement games, such
as assistance or resistance level (i.e., assisted-as-needed scheme)
according to the patient’s ability.

Elbow Robot Training Set-Up and
Procedures
Patients lay supine in bed and wore the wearable robot
on the paretic arm, with the shoulder at about 30-degree
flexion and 15-degree abduction. The elbow robot was carefully
mounted on the affected elbow with the brace adjusted to
align the elbow flexion axis along with the wearable robot
output axis (Figure 1A). The computer monitor was put in
front of the patient with height and angle adjusted for proper
viewing (Figure 1B). To determine a safe range of robot
movement, the operator manually moved the elbow to its end
of flexion/extension within the tolerance of patients.

The training procedures are shown in Figure 2. Each training
session typically consisted of passive intelligent stretching of
the elbow (15 min), active-assisted and/or resisted movement
training through movement gameplay (15 min), and passive
intelligent stretching for cool down (15 min). Elbow active
range of motion (ROM) and maximum isometric voluntary
contraction (MVC) of elbow flexors and extensors were
measured before and after each session of training. The training
protocol would be adjusted individually to accommodate the
condition of patients with severe hemiplegia including more
passive stretching and less active movement training while
therapy intensity was maintained ∼150 repetitions of elbow
flexion/extension passively or actively.

During the passive intelligent stretching, the forearm was
passively moved by the robot in the sagittal plane at 30–40◦/s.
As the resistance may increase near the extreme positions of
the elbow joint, the robot gradually slowed down to stretch the
muscle-tendon complex slowly and safely (Ren et al., 2017). Once
a predefined peak resistance torque (e.g., 5 Nm) was reached, the
elbow joint was held at the extreme position for 10 s to allow soft
tissue stress relaxation (Ren et al., 2017). During stretching, the
patient was instructed to relax, feel the stretch but not to react to
it (Ren et al., 2017). If the patient reacted to the stretching with
high resistance, the robot would stop if a resistance torque limit
was reached or reverse the direction of movement if resistance
torque was beyond the limit (Ren et al., 2017).

Two types of active movement training were completed by
the participants by voluntarily flexing and extending their elbow
to play various movement games under real-time feedback, in
which the robot could provide assistance after the patients tried
but could not finish the movement task, or the robot provided
resistance to challenge the patients if they could move the
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FIGURE 1 | (A) The wearable elbow robot used for training. (B) Clinical in-bed setup using the wearable rehabilitation robot. It is worn by a patient on the elbow for
controlled passive stretching and active movement training with robotic assistance or resistance or with real-time feedback during training. A force sensor was used
to detect the elbow flexion and extension torque.

FIGURE 2 | Elbow robot training procedure.

elbow to the target positions in the gameplay. Robot assistance
during patient’s active movement training helped the patients
reach the target and kept them engaged, while robot resistance
continued challenging the patients to generate muscle strength
(Waldman et al., 2013; Ren et al., 2017). The choice of assistive
or resistive type of active movement training was dependent on
the patient’s severity of elbow impairment. For patients at the
early stage of recovery with little elbow movement capability,
the wearable rehabilitation robot constrained the joint at an
isometric condition and the patient’s potential re-emerging
force-generation was detected sensitively by the wearable robot,
and shown in real-time to the patient through visual feedback
as a yellow bar on the computer monitor to guide the patient to
generate the desired joint torque output (Figure 1B).

Participants received four sessions per week during their
about 4-week hospital stay, for a total of about 15 sessions.
The training protocol would be adjusted individually to
accommodate the condition of patients with severe hemiplegia
including more passive stretching, and less active movement
training while therapy intensity was maintained∼150 repetitions
of elbow flexion/extension passively or actively. In addition

to the robotic training, all the patients also received their
regular inpatient rehabilitation including physical therapy and
occupational therapy.

Outcome Evaluation
Biomechanical outcome measures were conducted immediately
before and after the robotic training, including muscle strength
measured as a maximum isometric voluntary contraction (MVC)
of elbow flexors and extensors. During the measurement, the
wearable robot was locked at the 90◦ elbow flexion and the
participant was encouraged to extent and flex his or her
elbow maximally. Each measure was done three times with
a rest break of 30–60 s to minimize fatigue. The measured
data were saved in the robot computer and the averaged
value of the three assessments was taken as the corresponding
outcome measure.

Clinical outcome measures, including upper limb motor
recovery, muscle strength, and spasticity, were made on all
the participants before and after all the robot-aided training
(i.e., about 4 weeks from baseline) and 4 weeks after the
completion of the training.
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Fugl-Meyer Assessment of upper extremity (FMA-UE) was
used to evaluate motor recovery (maximum score of 66) with a
higher score indicating better motor recovery (Gladstone et al.,
2002). The cut-off score for severe, moderate, and mild upper
limb motor impairment is suggested to be 26 and 53 (Woodbury
et al., 2013). Muscle strength was also evaluated using Motricity
Index for the upper extremities (MI). As a valid muscle strength
evaluation scale of stroke recovery in the first 6 months post-
stroke, MI assessed the muscle strength of shoulder abduction,
elbow flexion, and pinch grip. The total score ranges from 0 to
99, with a higher score corresponding to better muscle strength
(Bohannon, 1999).

Spasticity of the elbow flexors and extensors was evaluated
using the Modified Ashworth Scale (MAS). Considering the 1+
score is not ordinal, the scores of 0, 1, 1+, 2, 3, and 4 were adjusted
to 0–5 ordinal scores in further analysis, with a higher value
indicating more severe muscle spasticity (Pandyan et al., 1999a;
Ansari et al., 2008).

Data Analysis
The normality of variables was checked using the Shapiro-Wilk
test. Due to the small sample size, non-parametric analysis was
used for the study. For all outcome variables, the group mean
and standard deviation or median and inter-quartile range (IQR)
at pre-and post-training, and follow-up were calculated. For
the clinical outcome measures, the Friedman test was used to
test whether the change between pre-, post-, and follow-up was
statistically significant. Paired comparisons using the Wilcoxon
signed-rank test were made between pre-and post-training
conditions and between pre-and follow-up with Bonferroni
adjustment. All statistical analyses were performed using the
SPSS statistical software (Version 26, IBM, Armonk, NY, USA).
The statistical significance was set at p < 0.05.

Furthermore, for MVC of elbow flexors and extensors,
measured before and after each of the treatment sessions,
improvement curves over sessions based on a logarithmic fitting
equation as below (Kwakkel et al., 2006; Langhorne et al., 2011;
Chen et al., 2018):

y = a× ln(x)+ b

where x is the number of the training session, y is theMVC value,
a denotes the rate of improvement and b indicates the initial
muscle strength of the patient. The coefficient of determination
(R2) was calculated to assess the goodness of fit.

RESULTS

Participants
Eleven patients (mean age ± SD: 50.7 ± 10.6 years) with
moderate to severe upper limb motor impairment [FMA-UE,
median (IQR): 28 (14–45)] at subacute stroke stage (post-stroke
duration: 2.6 ± 1.9 months) completed the training during their
hospital stay of 28 days on average (range: 24–30 days). Table 1
summarizes the characteristics of each participant at the baseline.
Three and eight patients were with severe and moderate upper
limb motor impairment, respectively, at the baseline.

Feasibility
We applied the robot training in accordance with their routine
in-patient treatment schedule and there was no dropout in the
patients. Mild skin compression due to robot fixation andmuscle
soreness were reported by six patients after the first session of
training, but this symptom was relieved within 24 h after onset
of the symptoms. In general, the in-bed elbow robot training was
well-tolerated by the participants without other adverse events.
Every participant was able to complete the 50-min training and
reported satisfaction with passive stretching and occasionally
mild fatigue following the active movement when asked by the
researchers. Except one patient, who was discharged after 13-
sessions of training, the other 10 patients completed 15 sessions
of training. Due to the researcher applied assistance to patients
during the muscle strength testing, the biomechanical measures
for three patients were excluded from the analysis. Thus, in the
following in-session and curve-fitting analysis, biomechanical
data for eight patients over 13 sessions were included.

Biomechanical Outcomes
Improvements After the 3–4 Week Training Program
After 3–4 week of training during the hospital stay, the MVC of
elbow flexors significantly increased by 1.93 Nm (95% CI: 0.93 to
2.93Nm, p = 0.017) and theMVCof elbow extensors significantly
increased by 0.68 Nm (95% CI: 0.05 to 1.98 Nm, p = 0.036;
Figure 3).

In-Session Changes Over the 4-Week Training
Program
Each session of robot-guided training-induced changes in the
MVC of elbow flexors and extensors, as indicated by the
pre-and post-session dot plots over 13 sessions are shown in
Figure 3. These recovery curves showed overall improvement in
the patients’ motor control ability over 13 training sessions, as
well as the improved performance due to each training session,
as shown by the differences between the pre-and post-session
improvement curves (the blue and red curves respectively). We
plot the overall change for eight patients with biomechanical
measures, and further plot the recovery curve for patients with
moderate upper limb motor impairment (FMA-UE motor >26,
n = 5) and severe motor impairment (FMA-UE motor ≤26,
n = 2). Overall, the improvement rate derived from the
post-session measures was larger than the pre-session measures
for both elbow flexion MVC (Figure 4A) and extension MVC
(Figure 4B), which was related to the improvement induced
by each training session. For the elbow flexors (Figure 4C),
overall, patients with severe motor impairment had a lower
initial performance value (pre: b = 2.898; post: b = 2.693) than
those with moderate motor impairment (pre: b = 3.873; post:
b = 4.551), and the post-session improvement rate was larger in
the severe motor impairment group (a = 0.865) compared to the
moderate motor impairment group (a = 0.323).

Patient No. 11 with very severe motor impairment (FMA-
UE = 5) at baseline was unable to generate active elbow
movement in the first five sessions of training. His recovery curve
was discontinuous due to the important zero to non-zero motor
output change and was modeled separately (Figure 5).
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TABLE 1 | Characteristics of the patients at the baselinea.

Patient Sex Age
(years)

Stroke
duration
(months)

Stroke type Lesion area Hemiplegic
side

Dominant
hand

FMA-UE MAS of
flexors

MAS of
extensors

Motricity
index

1 Female 62 3 Infract Temporal lobe Left Right 45 1 0 62.5
2 Male 63 2 Hemorrhage Frontal lobe,

cerebellum
Right Right 14 1 0 25.5

3 Female 57 2 Hemorrhage Thalamus Right Right 49 0 0 64
4 Female 39 5 Hemorrhage Temporal lobe Right Right 37 0 0 65
5 Male 54 3 Hemorrhage Brain stem Right Right 28 1 0 42.5
6 Male 44 6 Infract Frontal lobe,

basal ganglia
Left Right 7 0 0 63.5

7 Female 52 1 Hemorrhage Basal ganglia Right Right 30 1 0 30
8 Female 56 1 Infract Thalamus,

basal ganglia
Left Right 26 0 0 52

9 Female 71 3 Hemorrhage Thalamus,
basal ganglia

Left Right 28 0 1 57.5

10 Male 45 2 Infract Frontal lobe,
basal ganglia

Right Right 52 0 1 62

11 Male 37 1 Infract Frontal,
temporal, and
parietal lobe

Left Right 5 0 0 N/A

Mean Male: n = 7;
Female: n = 4

50.7 2.6 Infarct: n = 5;
Hemorrhage:
n = 6

Left: n = 5;
Right: n = 6

Right:
n = 11

28b 0b 0b 52.5

SD 10.6 1.9 14–45b 0–1b 0–0b 14.0

aFMA-UE, Fugl-Meyer Assessment-Upper Extremities; MAS, Modified Ashworth Scale; N/A, not applicable to conduct. bMedian (inter-quartile range); SD, standard deviation.
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FIGURE 3 | Maximum isometric voluntary contraction at baseline and
4-week after the training programa. aError bars represent standard deviation.
∗ Indicates a significant difference between two measured time points from
Wilcoxon Signed Ranks Test p < 0.05.

Clinical Outcomes
The clinical measures were conducted before and after 15
sessions of training (except for one patient discharged after
13 sessions of training), and 4 weeks after the termination of
training. After 4 weeks of training, significant improvements
were observed in FMA-UE (p = 0.003) and Motricity Index

(p = 0.005; Table 2), and the improvements sustained at
the follow-up (p < 0.05). However, no significant differences
were observed between the post-training and 4-week follow-
up. In addition, subscale value of FMA are presented in
Table 2. Generally, participants showed improvement in
movement, while no significant change was observed in
coordination. There was no significant change of muscle
spasticity measured by MAS between the baseline, post-training,
and follow-up sessions.

DISCUSSION

Our findings suggest that the in-bed wearable elbow robotic
rehabilitation training is feasible in early and late subacute stroke
survivors withmoderate to severe upper limbmotor impairment.
Over the 4 weeks of training, participants made consistent
improvements on elbow biomechanical and clinical outcomes,
while the recovery curve showed that patients with severe motor
impairment may have a greater rate of improvement compared
to those with moderate motor impairment. The current findings
address the valuable application of in-bed rehabilitation robotic
training for subacute stroke survivors with its advantages in
quantifying and monitoring the motor recovery and delivery
of the individualized intervention, though our results must

FIGURE 4 | Session-by-session pre-and post-session maximum isometric voluntary contraction (MVC). Improvement curves across the 13 sessions are fitted with
logarithmic function y = a×ln(x) + b, where x is the number of the training session, y is the MVC value, a denotes the rate of improvement and b indicates the initial
performance capability level of the patients. The coefficient of determination (R2) was calculated to assess the goodness of fit. (A) MVC of elbow flexors over
eight patients. (B) MVC of elbow extensors over eight patients. (C) MVC of elbow flexors over patients with severe motor impairment (n = 2) and moderate motor
impairment (n = 6). (D) MVC of elbow extensors over patients with severe motor impairment (n = 2) and moderate motor impairment (n = 6).
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FIGURE 5 | Session-by-session pre-and post-session maximum isometric
voluntary contraction (MVC) for patient No.11. This patient started to develop
elbow flexors voluntary contraction after five sessions of training.

be interpreted with obvious caution given the absence of a
control group.

The wearable elbow robot training combined with both
passive and active movement has several unique features. First,
the intelligent control algorithm provides a forceful while safe
stretching to the upper limb muscles, which can prevent muscle
contracture and joint stiffness (Ren et al., 2017; Salazar et al.,
2019). Also, the strong stretching may enhance somatosensory
input that helps drive neural reorganization (Behm et al.,
2016). Second, an assisted-as-needed scheme was applied in
the active movement training, which would be particularly
useful for the subacute stroke survivors with moderate to severe
motor impairment that has limited capability to generate active
movement. If the patient could generate active arm movement,
the robot would provide resistance that further enhances the
movement control; if the patient could initiate movement but
with difficulty to complete the required movement, the robot
would help the patient to finish the rest of the movement;
or if the patient was unable to generate active movement,
the robot would assist the patient to passively move the arm
to the desired position. Indeed, applying passive movement
before clinical recovery has been proven that can elicit cortical
activation patterns that may be critical for the restoration of
motor function (Matteis et al., 2003). The robotic assistance

would progressively reduce through the training that further
promotes motor learning (Winstein et al., 2016). Third, the robot
with a highly sensitive force sensor can discern the emergence
of the subtle change of tiny movement. For patients, this
subtle movement change was further augmented and displayed
on the computer screen to provide real-time visual feedback
that motivates and guides the patient to improve joint torque
generation (Ren et al., 2017). For clinicians, the detection by
the robot could provide essential information to optimize the
treatment goal and assist rehabilitation plan. In Figure 5, the
patient was unable to generate active muscle strength in elbow
flexors until after five sessions of training, and this slight change
was successfully detected by the robot.

Utilizing the robot, immediate biomechanical measures can
be made before and after each training session, and further plot a
recovery curve of the biomechanical outcome change (Figure 4).
Though we can observe fluctuation of performance that may
occur between sessions, overall, the patients demonstrated an
improving trend over the training sessions. However, fluctuation
patterns may imply that for longitudinal intervention trials, the
multiple-session assessment may provide a better estimation
of participants’ condition than a single-session assessment.
Furthermore, consistent with previous clinical trials (Takahashi
et al., 2016; Takebayashi et al., 2020), our stratified recovery
curve informed that patients with severe motor impairment
were likely to benefit more from robotic training compared
to those with moderate motor impairment. We believe this
recovery could provide important information to guide the
clinical application of robot training (Veerbeek et al., 2017).
First, the recovery curve can assist clinicians to estimate the
recovery pattern of the patients, thus optimizing the treatment
plan; second, with a larger sample size to plot the recovery
curve, we may be able to estimate the minimal training
sessions to achieve the desired outcome, which may assist
Medicare policymaking.

A limitation of the present study is the lack of a control
group to isolate the effect of spontaneous motor recovery.
However, we applied the clinical measures including FMA-UE
and Motricity Index (MI) for upper limb muscle strength
at baseline, immediately after the intervention program, and
1-month after the termination of the program, which could serve
as a self-control comparison (Table 2). Immediately after the
training program, the median score of FMA-UE significantly

TABLE 2 | Clinical measures at baseline, post-training and follow-upa.

Baseline Post-training Follow-up p-value

Median IQR Median IQR Median IQR Pre-post Pre-follow-up

FMA-UE 28 14–37 42 19–51 51 36–53 0.003∗ 0.005∗

Shoulder/elbow 17 14–26 28 19–30 29 18–32 0.008∗ 0.008∗

Wrist 5 2–6 7 4–9 7 6–9 0.007∗ 0.005∗

Hand 6 2–8 9 4–12 11 7–12 0.005∗ 0.005∗

Coordination 0 0–2 2 0–4 2 2–5 0.068 0.041∗

Motricity index 60 40–64 70 60–71 70 60–73 0.005∗ 0.005∗

MAS elbow flexors 0 0–1 0 1–1 0 0.5–1 0.083 0.157
MAS elbow extensors 0 0–0 0 0–1 0 0–1 0.564 0.414

aFMA-UE, Fugl-Meyer Assessment-Upper Extremities; IQR, inter-quartile range; MAS, Modified Ashworth Scale. ∗Statistically significant difference using Wilcoxon signed rank test,
p < 0.05.
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increased to 14, which is larger than 9, the minimal clinically
important difference (MCID) value of FMA-UE for subacute
poststroke patients (Narayan Arya et al., 2011). After a 1-month
follow-up, there were significant changes in the FMA-UE and
MI. Collectively, the outcome of clinical measures could further
support the effectiveness of in-bed wearable training in the
improvement of upper limb motor limb function and minimize
the confounding of spontaneous recovery.

There are limitations to the study. First, patients in the
study also received routine in-patient rehabilitation, which
could contribute to their improvement. However, this study
demonstrated the feasibility to incorporate the in-bed robot
training with routine inpatient rehabilitation training, which
may not focus on sensorimotor rehabilitation. Anecdotally, the
patients enjoyed the robot training and were highly motivated.
However, we did not have a treatment satisfaction rating using
the Likert system to evaluate patients’ responses, which should
be adopted in future studies. Second, patients in the present
study had mild or absent elbow spasticity which may limit
the generalizability of the study. The mild or absent elbow
spasticity would be due to most of the patients being at the
early subacute stage (7 days to 3 months post-stroke; Bernhardt
et al., 2017) that spasticity had not been developed yet (Wissel
et al., 2013). In fact, one patient 1-month post-stroke with
zero MAS at the elbow showed wrist spasticity of two at the
follow-up and two other early subacute patients showed an
increase of MAS from zero at the baseline to one at post-
training. Also, the forceful passive elbow stretching by the robot
might help control spasticity (Ren et al., 2017). Nonetheless,
appropriate quantification of spasticity is important. MAS may
not be a valid and ordinal level measure of muscle spasticity
(Pandyan et al., 1999b). Future studies can consider using the
modified Modified Ashworth Scale, which has been suggested
to be better inter-rater and intra-session reliability than the
MAS to measure spasticity (Ansari et al., 2006, 2009). Also,
Brunnstrom recovery stages (BRS) can be used to evaluate
the changes of muscle tone, synergistic movements, and active
isolated movement (Naghdi et al., 2010). Third, only a small
number of in-patients participated in the study. The goodness-
of-fit value for curve fitting was thus relatively low. In the

future, a strictly designed randomized control trial with a
large sample size with different motor impairment levels
is needed.

In conclusion, the above study demonstrated the feasibility of
using in-bed wearable elbow robot-aided rehabilitation training
in subacute stroke survivors with moderate to severe upper
limb motor impairment. Furthermore, robotic therapy may
result in significant improvement across biomechanical and
clinical measures. The recovery curve generated from the robot
biomechanical measures could provide useful information to
guide the clinical applications of robot-aided training. Patients
with severe motor impairment may benefit more from the robot
training compared to those with less severe impairment.
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