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Purpose: Upper limb hemiparesis is the most common impairment in stroke survivors,
and adequate assessment is crucial for setting the rehabilitation strategy and monitoring
the effect of treatment. However, adequate timely assessments are difficult due to the
limited accessibility to clinics for stroke survivors. We designed this study to investigate
whether teleassessments for motor impairments of the spastic elbow (i.e., passive range
of motion (PROM), muscle strength, and spasticity) are feasible in stroke survivors.
Methods: To implement a telerobotic system for remote assessment with physical
interaction, we constructed a system with a master robot interacting with a doctor
(assessor) and a slave robot interacting with the elbow of a subject with stroke. The
master robot is operated by the doctor, where the torque and the speed are transferred
to the slave robot via the Internet, and the reaction of the patient’s elbow to the slave
robot’s movement is measured with a torque sensor, then finally transferred back to the
master robot. An intercontinental remote assessment, which is considered one of the
worst possible scenarios, was used as a clinical test to strictly check the feasibility. For
the clinical tests, the examiner for the teleassessment was located at a lab in the National
Institutes of Health (NIH, Bethesda, MD, USA) while the stroke patients were located at
Seoul National University Bundang Hospital (Bundang, Kyeonggido, South Korea).
Results: In total, 12 stroke patients’ elbows (age range, 28–74; M:F = 6:6) were tested.
For the PROM, the absolute difference between two assessments (in-person vs. remote)
was 5.98 ± 3.51◦ on average (range, 0–11.2). The agreements for the strength and the
spasticity of elbow flexor between in-person and remote assessments were substantial
(k = 0.643) and fair (k = 0.308), respectively. No adverse events were observed during
or immediately after the telerobotic assessment.
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Conclusions: Internet-based telerobotic remote assessment for motor impairment of
spastic elbow in stroke using our system is feasible even in the worst setting, with too
long of a distance and a delayed communication network.
Keywords: telemedicine, telerehabilitation, telerobotics, bilateral haptic feedback, remote assessment, stroke,
internet

INTRODUCTION

testing have low to moderate validity. Second, video conference
systems do not allow for physical interaction between the
patient and the evaluator in a remote area (8). Allowing for
physical interaction in addition to the video conferencing in
telerehabilitation assessment would increase the validity of the
assessment. For example, spasticity is a symptom of neurological
impairment which is prevalent in patients with stroke, and it
plays a very important role in the restoration of function (14). In
the recovery of upper limb function after stroke, it is important
to accurately evaluate spasticity, particularly elbow spasticity.
This is important for evaluating the effectiveness of physical
therapy, deciding whether to treat spasticity with Botox injection
and medication, and evaluating the effectiveness after treatment
(14, 15). However, few studies have evaluated spasticity in
telerehabilitation assessment, and the validity of neurodynamic
tests is reported to be relatively low (10, 11, 13, 16).
To implement physical interaction between remote locations,
a remarkable pilot study for assessing spastic elbow was reported
(17). Telerobotics (or bilateral teleoperation) is a concept in
the field of robotics which aims to extend the operator’s ability
(manipulation as well as sensation) to remote areas (18). Since
the aim was exactly matched to the required physical interaction
for remote assessment, that study attempted to adopt telerobotics
technology to provide this interaction. Although the result
showed potential usage, it still had several limitations: (1)
providing distorted physical interaction due to intuitive robotic
devices and control architecture and (2) failure to evaluate the
remote assessment due to a limited clinical test with an ideal
setup, a small population, and no comparison based on clinical
instruments (6). Another study developed a telerobotic device for
the remote assessment of hands, but the device was not evaluated
in a clinical setup (19).
Hence, the aim of this paper is twofold: improving physical
interaction for remote assessment and evaluating that remote
assessment. For the former, we developed a novel haptic device
to minimize friction that would result in a clinician’s inaccurate
feeling of the subject’s muscle tone, and we applied a control
architecture to guarantee stable implementation of physical
interaction with time delay that exists in telecommunication,
such as the Internet. For the latter, we conducted the clinical
test with a challenging setup: an intercontinental Internet-based
remote assessment between USA and South Korea. Since time
delay is a critical issue in real-time remote assessment, we
test this setup as it is the most difficult situation for realtime bilateral physical interaction. Twelve stroke patients with
spasticity participated in the clinical test, and typical clinical
instruments for the assessment, such as the medical research
council scale (MRC) and the modified Ashworth scale (MAS),

The rapid growth of information and communication technology
(ICT) has brought people closer to each other. In healthcare, ICT
enables telehealth, which is the remote delivery of health-related
services and information (1). Telerehabilitation, a subcomponent
of telehealth, is the clinical application of telecommunication
technology to provide interventions as well as assessments to
patients undergoing rehabilitation in remote locations (2, 3).
It can be used to provide cost-effective care and specialized
rehabilitation service to patients living far from a rehabilitation
center due to the reduced travel time and cost between health
centers and the patient’s home, as well as direct linkage between
the rehabilitation specialist and patient (4). Telerehabilitation will
become more important as an increasing number of patients
with disabilities require a rehabilitation service in the face of the
increasingly aging population as well as the limited accessibility
to rehabilitation services due to transportation problems or
limited medical staff availability, particularly in rural areas (2). In
addition, the current pandemic crisis is revealing the importance
of telerehabilitation, which enables the delivery of rehabilitation
services without the risk of virus exposure.
Telerehabilitation services can be classified into the two
categories of intervention and assessment, both of which are
essential. Most studies investigating assessment have attempted
to implement video conferencing systems between clinicians in
a health center and patients in a remote location such as their
home (5). However, these attempts are still far from in-person
assessments; for example, all of the assessments lack any physical
interaction between clinician and patient (6, 7). Since one of
the major targets of rehabilitation is to improve the patient’s
physical impairments, i.e., plegia, weakness, and spasticity, a
clinician needs to assess the impairments by conducting inperson physical exams that involve physical interaction. Without
such interaction, the clinician’s assessment ability is limited, and
the assessment accuracy is degraded (3, 6, 8).
In stroke rehabilitation, comprehensive assessment is essential
for proper treatment, quality control, and evaluating training
outcomes (9). With the recent advancements in ICT, pilot
studies on the telerehabilitation assessment of stroke survivors
have been increasing (6). The validity and the reliability of
telerehabilitation assessment have mainly been reported in terms
of the areas of pain, swelling, the range of motion of joints, muscle
strength, balance, gait, posture, special orthopedic testing, and
neurodynamic testing, mostly using video conference systems (8,
10–13). The studies mentioned above have two main limitations:
The first is that ROM and muscle strength show high validity,
whereas posture, special orthopedic testing, and neurodynamic
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were used for the comparison between the in-person assessment
and the proposed remote assessment.

tone) of the affected elbow that the clinician would have felt
during an in-person assessment.
In an attempt to reduce the friction, we developed a master
device that adopts a cable-driven mechanism, as shown in
Figure 2. Through this mechanism, the force/torque generated
by a brushless DC motor (Barrett Technology Inc., Cambridge
MA) is transmitted to the mannequin arm which mimics
the patients’ forearm. Since the mechanism utilizes frictionless
rolling contact of two adjacent pulleys driven by two steel cables
which are pre-tensioned but do not stretch, it can implement a
negligible level of friction. To verify the amount of the friction
that would be felt by the clinician, we conducted an experiment in
which the friction caused by the mechanism was measured using
a torque sensor (TRT-200, Transducer Technique Inc., Temecula
CA) while the clinician manipulated the mannequin arm with
zero motor command. Figure 3 shows that the maximum friction
torque was <0.2 Nm, which is small enough to not distort the feel
of the resistance due to the affected elbow.
In addition, for the remote assessment, a slave device is needed
to move the elbow by following the command generated by the
master and to measure the resistance caused by the affected
elbow. We developed an exoskeleton-type slave robot, shown
in Figure 4. It contains a brushed DC motor (RE-50, Maxon
Motor, Switzerland) to mimic the clinician’s movement and a
torque sensor (TRT-200, Transducer Technique Inc., Temecula
CA) to sense resistance during that movement. The braces in the
slave robot were designed to easily attach to and detach from the
patient’s elbow and to make the patient comfortable while the
robot and the patient’s forearms move together. The slave robot
was equipped with an emergency stop, and the clinician was
ready to press the button whenever necessary to ensure safety.

MATERIALS AND METHODS
Subjects
Twelve stroke patients (six men and six women, 52.6 ± 16.6
years old) with impaired elbows participated in the study
(Table 1). They gave written informed consent approved by
the Institutional Review Board at SNU Bundang Hospital (IRB
approval No.: E1101/058-001).

Instrumentation
Telerobotic System for Remote Assessment
In robotics, telerobotic systems have often been used to enable
physical interaction between the operator and the environment,
with the target object in a remote area. As illustrated in Figure 1,
such a system consists of a master robot (haptic device) that
interacts with the operator, a slave robot that interacts with
the environment, telecommunication between the master and
the slave, and a control architecture to implement the physical
interaction. For the remote elbow assessment, the operator is the
clinician who assesses the patient’s affected elbow, while the elbow
constitutes the environment (Figure 1).
Patients with stroke typically develop several impairments at
their affected elbow, such as reduced range of motion (ROM),
muscle weakness, and spasticity. Hence, we use the following
three tests as the target tasks of the remote assessment: 1) passive
ROM test, 2) muscle strength test, and 3) spasticity test. Note
that those tests were also used in a previous study on the remote
assessment (17).

Telerobotic Devices

Control Architecture

As mentioned previously, the telerobotic system includes two
robotic devices, the master and the slave. During the remote
assessment, the clinician must manipulate the master device to
move the patient’s affected elbow and feel the muscle tone caused
by the movement in the elbow. Thus, for accurate assessment, it
is crucial for the master device to recreate the resistance (muscle

Clinicians need physical interaction with the patients for remote
assessment. This can be implemented using a bilateral control
architecture that virtually achieves transparent interaction with
a certain environment through a telerobotic setup (20). Over
the last decade, many control architectures have been reported
to provide more transparent interaction, but they have not been
able to overcome the well-known conflict between transparency
and stability (21, 22); as illustrated in Figure 1, time delay due to
communication is unavoidable in a telerobotic system, and it is
not easy to achieve stable and transparent interaction under time
delay. However, stability is also essential for remote assessment
because instability can lead to patients’ injuries.
A novel control architecture, a two-channel control
architecture, has been proposed to overcome this conflict.
Since the control architecture provides stable and optimized
transparent interaction under a feasible time delay (about up to
500 ms) (23), it can resolve this conflict. Hence, in this paper,
we use a two-channel F-P control architecture to implement
the physical interaction using master and slave robots. As
illustrated in Figure 5, in this architecture, the force of the
master followed the transmitted force measured from the slave,
and the slave was commanded to follow the position of the
master (23). For simplicity, the force controller of the master
was not a closed-loop feedback controller but an open-loop

TABLE 1 | Summary of participants (N = 12).
Sex

Age (year)

Time since stroke (month)

Affected side

PT01

M

40

1

R

PT02

M

57

3

R

PT03

F

74

7

R

PT04

F

35

29

L

PT05

M

59

54

L

PT06

M

46

30

R
L

PT07

F

28

48

PT08

M

28

37

L

PT09

F

73

27

R

PT10

M

65

92

R

PT11

F

62

49

L

PT12

F

64

27

L
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FIGURE 1 | Telerobotic remote assessment.

corruption/loss for safety. In addition, the Google HangoutsTM
application (Google, CA, USA) was used for the video conference
between the clinician and the patient.

Protocol
As mentioned previously, time delay is a critical burden in
remote assessment. Therefore, the clinical test for evaluating
the assessment was conducted with the worst case we could
test: intercontinental Internet-based remote assessment between
South Korea and the USA. In this assessment, the master and the
slave robots were, respectively, located at the Robotics Laboratory
in the National Institutes of Health (Bethesda, MD, USA) and at
the SNU Bundang Hospital (Bundang, South Korea). Due to the
heavy load and the long distance of the intercontinental Internet
line, there was a remarkable time delay of up to 500 ms.
First, a clinician who has 5 years of experience in the hospital
examined the subject through passive ROM, muscle strength, and
spasticity testing. The clinician used a goniometer to measure
the ROM of the subject’s affected elbow. The muscle strength
was rated according to the medical research council (MRC)
score. One inspector measures the ROM and the MRC twice
each and used the average of the values. The spasticity of each
flexor/extensor was assessed using the modified Ashworth scale
(MAS). When measuring the MAS, we conducted the assessment
tasks three to five times using the standard protocol (24). The
clinician grasped patient’s forearm and upper arm and stretched
the elbow with a speed of 1 s for full elbow extension. The
multiple trials started in a random manner so that the patients
could not expect the stretch. The clinician gave MAS score based
on the observation of the multiple trials.
After the in-person assessment, the subject was asked to put
the slave robot on their affected elbow. The shoulder height of the
subject was determined to a natural posture where the shoulder
girdle is not elevated or depressed. The elbow joint axis was
aligned with the slave robot axis by moving the forearm while
wearing the slave robot and adjust the elbow joint position that
does not make any slide motion with the arm and brace part
of the slave robot. After that, the subject’s neutral joint position
was determined manually by the clinician using a goniometer
and the angle of the master device was synchronized with the
slave device at the neutral joint position to eliminate the angle
difference. Next, the following three remote assessment tasks
were carried out by a clinical staff who has 6 years of experience
in spasticity, muscle strength, and range of motion assessment, as
shown in Figure 6.

FIGURE 2 | The master robot (clinician site in US).

FIGURE 3 | The level of friction due to the cable-driven mechanism in the
master device.

feedforward controller. Since the dynamics of the master
device can be accurately estimated due to its low friction, the
performance of force tracking with the feedforward controller
was sufficient to provide appropriate resistance force/torque for
the clinician.
To enable communication between the master and the
slave, we used the public intercontinental Internet line. The
transfer of the current position/force information of the
master/slave was implemented with custom-built software using
the UDP protocol, which contains checksum to avoid packet
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position. The slave device simply held the subject’s elbow
according to the position of the master device, and the subject
repeated three flexion and extension motion in isometric
conditions with 15 s rest between each trial. The measured
torque generated by the subject was sent to the master device
and the clinician felt the torque generated by the subject
during the test, then rated the MRC score (Figure 6B).
3) Spasticity test: Spasticity was evaluated remotely by moving
the subject’s elbow through the ROM determined above. The
resulting “muscle tone” was felt by the clinician remotely,
which allowed the clinician to make a determination about the
MAS score, a measure of the spasticity. The passive movement
was done three to five times in both flexion and extension as
well as at several velocities to determine MAS score clearly,
simulating those in clinical examinations (Figure 6C).

1) Passive ROM test: At the beginning of the assessment
session, the clinician slowly moved the mannequin arm at the
master device. This commanded the slave device, through
the Internet, to move the subject’s elbow in the same way,
and the resistance torque at the subject’s elbow was recreated
in the master device to provide real-time haptic feeling of
the subject’s elbow joint to the clinician. Due to this haptic
feedback, the clinician could remotely detect the position
limits in both elbow flexion and extension under controlled
peak resistance torque. This test was taken twice, and the
ROM was determined based on the minimum and maximum
angles measured during the test (Figure 6A).
2) Muscle strength test: Using the video conferencing tool, the
clinician asked the subject to flex/extend his or her elbow
while the clinician remotely held the elbow at a selected

FIGURE 4 | The slave robot (patient site at SNUBH, South Korea).

FIGURE 5 | Two-channel F-P control architecture.

FIGURE 6 | Three remote assessment tasks. (A) Passive ROM. (B) Muscle strength. (C) Spasticity.

Frontiers in Neurology | www.frontiersin.org

5

December 2020 | Volume 11 | Article 583101

Kim et al.

Internet-Based Telerobotic Remote Assessment

TABLE 2 | Comparison of outcomes (PROM, MRC, and MAS) between in-person
and remote assessments.
Passive ROM (deg)

FIGURE 7 | Remote passive ROM test.

MRC scale

MAS

In-person

Remote

In-person

Remote

In-person

Remote

PT01

130

140.4

5

5

0

0

PT02

130

131.8

3

3

1+

1+

PT03

134

125.8

4

4

0

0

PT04

130

131.5

5

5

2

0

PT05

135

130.1

4

4

2

1

PT06

120

131.2

5

5

1+

0

PT07

140

140.0

4

3

1

0

PT08

141

135.7

4

4

2

2

PT09

111

118.7

3

2

2

2

PT10

130

121.5

5

5

1

2

PT11

128

122.0

3

3

2

2

PT12

134

127.7

4

3

1+

2

Data Analysis
To evaluate the proposed remote assessment, the clinical
outcomes of the assessment were compared with those of inperson assessment. The ROM error, defined as the difference
of ROM between in-person and remote conditions, was
calculated to evaluate the passive ROM test. For muscle strength
and spasticity, the agreement between in-person and remote
assessments was evaluated using Cohen’s kappa statistics.

contrast, the other subject (MRC 3) achieved negligible resistance
torque against the clinician’s movement (Figure 8B).
The MRC scales rated by in-person assessment and remote
assessment are summarized in Table 2. The results show
substantial agreement between the two MRC scales (k = 0.643).

Spasticity Test

RESULTS

In this test, the clinician manipulated the master device quickly,
as displayed in Figure 6C. This fast movement resulted in a
rapid increase in the resistance torque caused by the subject’s
impaired elbow. MAS 1 indicates a small but rapid increase in
the resistance torque. Since a large and rapid increase appeared
and remained at almost the total ROM of the elbow, MAS was
determined to be 2 (Figure 9).
As summarized in Table 2, the MAS rated by in-person and
remote assessments only had fair agreement (k = 0.308). The
clinician rated the MAS according to the size of the increase
and the start/end positions of the increased torque. As shown in
Figure 9, the clinician most felt the increase at the end of ROM
of the elbow due to the time delay. Hence, the start/end positions
of the increased torque were not clear.

Passive ROM Test
Figure 7 shows a representative passive ROM test that was
remotely conducted using the telerobotic device. As shown in the
figure, the slave position (blue line) followed the master position
(black line) with a time delay. For instance (PT11), as shown in
Figure 7, the clinician started to move the master at the initial
position and stopped at a near-zero flexion angle (0.5◦ ) due to
increased resistance torque. As a result, the position limit of
elbow extension was determined to be 0.5◦ . Next, the master
was flexed by the clinician again while significant resistance
torque appeared. Therefore, the position limit of elbow flexion
was determined to be the end position (122.5◦ ) measured by the
encoder attached to the master. Those two position limits result
in an outcome of remote assessment indicating 122◦ passive
ROM of the subject’s affected elbow.
The passive ROMs obtained by remote assessment were
compared with those obtained by in-person assessment, and the
comparison is presented in Table 2. The absolute differences
between the two ROMs were <6◦ on average (5.98 ± 3.51◦ ).

DISCUSSION
This paper implemented and tested remote real-time physical
assessment. Considering that physical assessment involves haptic
feel between the examiner and examinee, it would be more
realistic to implement haptic interaction at remote locations
through the use of telerobotic control technology. Using a
teleoperated robot in the rehabilitation field may help costeffectively solve the accessibility issues involved when a patient
and a rehabilitation specialist are not able to meet face to face. For
example, rehabilitation service access may be limited in patients
living in areas far from rehabilitation facilities (25). In this
situation, simple instructions and training given to the person
who will manage the slave robot may be sufficient to provide

Muscle Strength Test
In this test, the subjects did their best to maintain the position
(flexion angle) shown in Figure 6B against the force applied
remotely by the clinician. Figure 8 shows the data of two
representative subjects in the proposed remote assessment setup.
One subject with good muscle strength (MRC 5) was able to
generate large resistance torque to compensate for the force
that was applied by the clinician, as displayed in Figure 8A. By
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FIGURE 8 | Remote muscle strength test. (A) MRC3 case, (B) MRC5 case.

with a visit by a trained therapist, considering cost for travel,
accommodation, and travel time (indirect cost).
Due to the control architecture and low friction of the master
robot, the performance of a real-time teleassessment system
mainly relies on the time delay between the examiner and
examinee. According to the teleoperation control theory (21), the
time delay degrades the quality of the haptic feel and the stability
of the robotic systems. We have tested our experimental setup
under a maximum time delay of 500 ms, and the performances
of the passive ROM and the muscle strength test were accurate;
specifically, the joint movements and the measured torques of
the master and the slave robots were similar. This was possible
because the movement speed of those tasks was slow enough
to not be affected by the maximum time delay; however, the
spasticity assessment was conducted with a fast speed (maximum
stretching speed of 210◦ /s), and the time delay significantly
degraded the haptic performance. It is possible that the amount
of time delay can be significantly reduced, and we hope that
this would improve the performance of fast tasks. With 5G
technology being implemented worldwide, data transfer speeds
are expected to increase. In addition, considering that we had to
use a virtual private network to deal with the Internet security
issue at the hospital, the data transfer could be faster if the
hospital were to open an Internet gateway allowing for a direct
connection between the two places.
The disagreement in the remote spasticity assessment could
also come from the characteristics of MAS, the measure of
spasticity used. In contrast to ROM and MRC, the inter-rater
reliability of MAS has been known to range from poor to
fair (28, 29). The MAS scores from the in-person assessment
and the teleassessment had fair agreement in this study (k =
0.308), and this was within the range of the reported interrater reliability of the MAS scoring system (30, 31). Hence, two
clinicians who participated in South Korea and the USA could
rate different MAS even though the telerobotic system provides
ideal haptic performance.
In this study, we did not evaluate the test-retest and inter-rater
reliabilities of the proposed remote assessment. We expect that
the reliabilities would be comparable with in-person assessment,

FIGURE 9 | Remote spasticity test.

telerehabilitation operated by a remotely located rehabilitation
specialist, without travel. This clinical scenario is also relevant
to developing countries that have limited rehabilitation human
resources (26) and isolated conditions in some regions and
medical or nursing facilities due to outbreaks of communicable
diseases. In situations like the recent COVID-19 outbreak, this
system may be helpful for protecting the therapist in intrahospital
rehabilitation services.
Although the 1 DoF robotic system in this study is limited to
use in arm rehabilitation after central nervous system injury, this
concept of a teleoperated robot with haptic feeling can also be
applied to a multidimensional rehabilitation robot, which may
be useful for telerehabilitation beyond teleassessments (27). Our
system is also promising as it may provide education to potential
rehabilitation therapists in developing countries. Knowledge
transfer is possible through lectures using video conferencing,
but hands-on education is necessary for rehabilitation training.
Therefore, education with a teleoperating haptic robotic system
provided by an experienced therapist in developed countries
may be more effective than online lectures alone. This teleeducation may also be more cost-effective than onsite education
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but the effect of degraded haptic feeling with different raters
must be investigated. There was no qualitative evaluation (i.e.,
questionnaires on satisfaction) of the proposed assessment
compared with in-person assessment. Finally, the proposed
assessment was verified with small numbers of clinicians
and stroke patients. Therefore, further research including cost
analysis with larger sample sizes is required.
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this study.
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