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ABSTRACT

Introduction: Mirror therapy has been performed as an effective occupational
therapy in a clinical setting for functional recovery of a hemiplegic arm after
stroke. It is conducted by eliciting a visual illusion through the use of a mirror
as if the hemiplegic arm is moving in real-time while moving the healthy arm.
It can facilitate brain neuroplasticity through activation of the sensorimotor
cortex. However, conventional mirror therapy has a critical limitation in that
the hemiplegic arm is not actually moving.

Methods: We developed a real-time 2-axis mirror robot system as a simple
add-on module for conventional mirror therapy using a closed feedback
mechanism, which allows for real-time movement of the hemiplegic arm. This
is the first attempt that combined a robot with a real mirror for facilitation of
proprioception followed by motor recovery. We used three attitude and
heading reference system sensors, two brushless DC motors for elbow and
wrist joints, and exoskeletal frames.

Results: Motion synchronicity between the motors in the hemiplegic arm and
the AHRS sensors in the healthy arm was validated. A study with six healthy
subjects showed that robotic mirror therapy was safe and feasible. We further
selected useful tasks for activities of daily living training through feedback

from six rehabilitation doctors. Two chronic stroke patients showed



improvement in the Fugl-Meyer assessment scale and elbow flexor spasticity,
proprioception and hemispatial neglect after a 2-week application of the
mirror robot system. The enhancement of proprioceptive input can be
explained by the functional MRI results. The results revealed that both the
lower part of the superior parietal lobule and the premotor cortex (PMC) were
activated during the passive range of motion (ROM) exercise, whereas the
PMC was mainly activated during the active ROM exercise.

Conclusions: Robotic mirror therapy could enhance proprioceptive stimulus
to the sensory cortex, which is considered to be very important in
neuroplasticity and functional recovery of hemiplegic arms. The mirror robot
system presented in this study can be easily developed and utilized effectively

to advance occupational therapy.

Keywords: Mirror therapy, proprioception, rehabilitation robot, stroke,
hemiplegia, sensor
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INTRODUCTION

For patients with stroke, dysfunction of a hemiplegic arm exerts a debilitating
effect. The ability to perform bimanual activities is essential for daily life, but
functional deficit of a hemiplegic arm following a stroke often remains, even
a few years after stroke onset. Among various training programs in the
hospital, exercises to increase the range of motion or passive repetition of
simple tasks have little effect on functional recovery of a hemiplegic arm. For
this reason, training for meaningful tasks related to activities of daily living
(ADLSs) has been incorporated into occupational therapy in hospitals.

Meanwhile, the effects of mirror therapy as well as those of action
observation and motor imagery were proven by previous studies in
neurorehabilitation (1-4). Mirror therapy is conducted by eliciting a visual
illusion through use of a mirror as if the hemiplegic arm is moving in real-
time while moving the healthy arm. It can facilitate brain neuroplasticity by
activation of the sensorimotor cortex (1). Thus, mirror therapy is effective for
improving upper extremity motor function and ADLs (2). As for a comparison
with a well-known non-invasive brain stimulation technique, repetitive
transcranial magnetic stimulation was not found to have a significant effect on
motor function or the Barthel index score (5).

However, conventional mirror therapy has a critical limitation in that the



hemiplegic arm is not actually moving. If the hemiplegic arm also moves in
real-time, it will facilitate proprioception that refers to joint position sense or
kinesthetic sense. Proprioception is provided in skeletal muscle spindles, the
Golgi tendon organ, and the fibrous capsules in joints. Then, it is conveyed to
the peripheral nerve, the dorsal column-medial lemniscus pathway of the
spinal cord, and finally to the sensory cortex of brain. However, the effect of
mirror therapy on proprioception has not been established.

We planned to develop a real-time, 2-axis mirror robot system as a simple
add-on module to conventional mirror therapy, using a closed feedback
mechanism. The hypothesis is that robotic mirror therapy can convey
proprioceptive stimulus to the sensory cortex, which is considered important
in neuroplasticity and functional recovery of a hemiplegic arm (Fig. 1) (6-8).
We had the idea that movements of the healthy arm could be projected to the
exoskeletal frame attached to the hemiplegic arm in real-time through inputs

from attitude and heading reference system (AHRS) sensors (Fig. 2).



Mirror therapy : illusion
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Movement of hemiplegic arm
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Brain neuroplasticity

U

Motor recovery of hemiplegic arm

Figure 1. Conceptual flow for the robotic mirror therapy to facilitate
proprioceptive stimulus. The experiment is designed in accordance with the

conceptual flow for the robotic mirror therapy.
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Figure 2. Diagram of the mirror robot system. Movements of the healthy
arm are projected to the exoskeleton attached to the hemiplegic arm by a

software algorithm through input from three AHRS sensors.



MATERIALS AND METHODS

All of the procedures were reviewed and approved by the Institutional

Review Board of Seoul National University Hospital.

1. Mirror therapy tasks

A. Examples of 2-dimensional mirror therapy tasks (Fig. 3)

1) Moving the healthy arm freely while looking in the mirror for about
five min for a warm-up exercise. One may utilize a metronome so that
the patient can exercise the motion of the healthy arm in a rhythmic
manner.

2) Dribbling and placing a small ball into the chosen hole, similar to
billiards, on the healthy side for about five min (“Ball in holes” task).

3) Dribbling and placing a small ball into a goal, similar to soccer, for
about five min (“Soccer game” task).

4) Moving the handle on the healthy side in numerical order and return in
the reverse direction using numbered stickers placed on a table for
about five min (“Dots tracing” task).

5) Pushing an object to a chosen place using any object in daily life, such

as a cup, using the handle on the healthy side for about five min

5



(“Moving a cup” task).



Dots tracing Moving a cup

Figure 3. Various tasks using the mirror robot system. The users can be
trained for 2-dimensional tasks: ball in holes, soccer game, dots tracing, and

moving a cup.



2. Components of the mirror robot system

A. AHRS sensor settings
The mirror robot system consists of three commercially available AHRS
sensors. The AHRS sensors consist of a magneto sensor, an accelerometer,
and gyro sensors (a total of nine axes). First, the AHRS sensor must be
connected to a PC with a USB connector. HyperTerminal, or other
communication software, can be used to configure general sensor settings.
Once the communication has been established, the next step is to set the
channel and assign IDs for each sensor. Some sensors may require calibration
of the accelerometer, gyroscope, and magnetometer before use. The output
format should be set as quaternions, and sensors should be set to display
battery reserve. Quaternions are used to speed up computing as well as to

eliminate gimbal lock singularities.

B. Brushless DC motor settings
The mirror robot system uses two high-performance brushless DC motors and
controllers. For each controller, connect the power cable to a power supply.
Further, connect the motor cable, Hall sensor cable, and encoder cable to the
motor. Connect the CAN-CAN cable to another controller. CANopen is used

for communication between devices. Set the node ID for each controller to



distinguish between devices. Connect the USB cable to the PC for general
configuration. Switch on the power supply to power up the controllers and
motors. Use the motor manufacturer-provided system configuration software
to configure and tune the motor, Hall sensor, and encoder. Angle limits and

home position must be configured for safe operation.

C. Assembly of frame and motors
For the elbow joint motor, we put one of the coupling bodies with a keyway
on the motor shaft and secured it using an M5 hex socket set screw (Fig. 4).
Secure “Elbow coupling hollow cylinder cover” to the elbow motor using 4x
M5 socket head screws (10 mm) and place the buffer part of the couplings
(middle slider part) on the top of the coupling body that was attached
(Assembly A) (Fig. 4). Plug the ball bearing into “Elbow rooftop frame” and
secure it with 4x M4 socket head screws (8 mm) (Assembly B, Fig. 5). Plug
“Elbow motor force dispersion shaft” into “Lower elbow support” and secure
it with 4x M3 socket head screws (6 mm). Then, place “Upper elbow support”
on top of the “Lower elbow support” and secure it using 8x M3 socket head
screws (12 mm) (Assembly C, Fig. 6). Place the assembly C on top and the
assembly B in the middle, and the last part of the coupling body at the bottom.
Join the two assemblies and the last part of the coupling body together and
secure the coupling body with M5 hex socket set screws (10 mm) (Assembly

D, Fig. 7). Secure assembly A and D using 4x M5 socket head screws (15 mm)
9



(Fig. 7). Rotate the assembly A to secure it at all four points. Secure “Lower
wrist coupling hollow cylinder cover” with the wrist motor using 4x M4
socket head screws (10 mm).

Then, one needs to place one of the coupling bodies with a keyway on the
motor shaft and secure it using M4 hex socket set screws. Next, place the
buffer part of the couplings on top of the coupling body (Assembly E, Fig. 8).
Attach “Friction reduction ring” on top of “Wrist rooftop frame” with double-
sided tape or any type of adhesive (Assembly F, Fig. 9). Plug “Wrist motor
force dispersion shaft” into “Handle” and secure it using 4x M2.5 socket head
screws (4 mm) (Assembly G, Fig. 10). Place the assembly G on top, assembly
F in the middle, and the last part of the coupling body at the bottom. Join the
two assemblies and the last part of the coupling body together and secure the
coupling body with M4 hex socket set screws (10 mm) (Assembly H, Fig. 10).
Secure “Upper wrist coupling hollow cylinder cover” with the assembly using
4x M3 socket head screws (Assembly I, Fig. 11). Secure assembly E and |
using 4x M3 socket head screws (15 mm) (Fig. 11). Secure two “Joint
movement limiters” and two shaft collars using 4x M4 socket head screws (15
mm) (Fig. 12A). Use shaft collars to secure shafts and the “Wrist rooftop
frame” using 8x M3 socket head screws (8 mm) (Fig. 12B). Slide shaft collars
into the shafts and secure additional shaft collars with the “Lower elbow
support” using 4x M4 socket head screws (15 mm). Then, join the two parts

and secure with a lever (Assembly J, Fig. 13A). Secure the “Support wall” to
10



the assembly J using 6x M4 socket head screws (15 mm) (Assembly K, Fig.
13B). Secure the table stand and assembly K using 6x M6 socket head screws

(15 mm) (Fig. 13C).
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Figure 4. Elbow motor assembly. Assembly steps for elbow joint motor,

couplings, and elbow coupling hollow cylinder cover.
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Figure 5. Bearing & elbow rooftop frame assembly. Assembly between

bearing and the elbow rooftop frame assembly.
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Figure 6. Elbow support assembly. Assembly steps for elbow motor force

dispersion shaft, upper elbow support, and lower elbow support.
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Figure 7. Elbow support and elbow motor assembly. Assembly steps for

the elbow support and the elbow motor.
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Figure 8. Wrist motor assembly. Assembly steps for wrist joint motor,

couplings, and lower wrist coupling hollow cylinder cover.
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Figure 9. Friction reduction ring attachment. Attachment of the friction

reduction ring to the wrist rooftop frame.
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Figure 10. Handle assembly. Assembly steps for the 3D printed handle,

coupling, and the wrist motor force dispersion shaft.
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Figure 11. Handle and wrist motor assembly. Assembly steps for the wrist

motor and the handle.
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(A)

Figure 12. Joint movement limiter assembly. Assembly steps for the (A)

joint movement limiter, (B) length adjustment shaft, and the assembled handle.

20



Figure 13. Final assembly. Assembly steps for the (A) assembled elbow
motor part with the assembled wrist motor part using shaft collars and shaft,
(B) assembled robot with the support walls, and (C) assembled robot with the

task table.
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3. Clinical application of the mirror robot system

A. Conducting robotic mirror therapy
One needs to adjust the height and width of the task table in accordance with
the patient’s condition. Set up a mirror at the midline between both arms and
set it on a table or platform. Place the AHRS sensors on the handle, wrist
frame, and the edge of the platform on the healthy side aligning in parallel
with the robot’s orientation. The sensor’s internal yaw axis should be pointing
up. Execute the therapy software in a computer. Set the maximum joint angle
limits in accordance with the patient’s joint condition. For safe operation, use
an elbow flexion limit less than 50°, elbow extension limit more than -70°,
wrist flexion limit less than 80°, and wrist extension limit more than -60°.
Plus and minus signs are automatically corrected, and limits are also corrected
if out of bounds in software level. Set maximum velocity, acceleration, and
deceleration. For these values, use velocity value between 0 and 22.5 RPM for
the elbow motor, and use a velocity value between 0 and 33 RPM for the wrist
motor. For conventional mirror therapy, set all values to zero to immobilize
the robot. One needs to fill out the patient information. Turn on all AHRS
sensors before running the software program. While the robot and the healthy
arm are at the initial position (both hands away from the body and parallel to

each other), press the calibration button to initialize sensor values to zero for

22



the initial position. This setup process takes only about three minutes for
healthy subjects (Fig. 14) and probably 4-5 minutes for stroke patients.

For the robotic mirror therapy, a biomedical engineer should act as the main
coordinator, and the occupational therapist needs to assist the patient. The
instruction (“Do not move your hemiplegic arm on your own.”) is given to the

patients.

23



Figure 14. Setup process for robotic mirror therapy. It takes only about

three minutes for healthy subjects.
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B. Study protocol for stroke patients
We conducted a case study for stroke patients with a two-dimensional mirror
robot for 30 min per day for two weeks (10 sessions). Subjects needed to meet
the following inclusion criteria: 1) over 18 years old; 2) supratentorial stroke
diagnosed between 4 months and 6 years ago; and 3) upper-limb hemiplegia
with Medical Research Council grade 2 or less. Main exclusion criteria were
as follows: 1) severe spasticity with modified Ashworth scale of grade 3 or
more; 2) mini-mental state examination score less than 12; and 3) global or
sensory aphasia.

For the conventional mirror therapy group, we prepared the tasks for fine
motor training (Supplementary Fig. 1). These tasks included more
complicated tasks so that the participants would be interested in the tasks
without the robot system.

Before and after 10 sessions of the therapy, we conducted functional
evaluations: the Fugl-Meyer assessment scale of the upper extremity (FMA-
UE) (Supplementary table 1) (9), the modified Ashworth scale
(Supplementary table 2) (10), the modified Barthel index of upper extremity
(MBI-UE: personal hygiene, bathing, feeding, and dressing) (Supplementary
table 3) (11, 12), and the Jebsen hand function test, hand power measurement,
and hemispatial neglect test (line bisection test and Albert’s test) with the
same occupational therapist. The motor evoked potential was measured for

the patients without the history of brain surgery or seizure.
25



We selected a thumb finding test (TFT) among various tools for assessing
proprioception, because TFT is widely used and reliable (Supplementary table
4) (13, 14). The TFT can be assessed, after confirming normal proprioception
in the unaffected arm, by the patient touching the nose with their eyes closed
while the examiner lifts the affected arm to eye level. The patient is then
asked to grasp the thumb of the affected hand with the unaffected hand, and
this is repeated. The examiner then places a hand over the patient’s eyes and
raises the patient’s affected hand to well above the patient’s head. The patient

is then asked to grasp the thumb as before (14).

4. Functional magnetic resonance imaging analysis

A. Setup for functional magnetic resonance imaging (fMRI) tasks
The functional imaging consisted of two tasks. The first task was to execute
the repeated passive range of motion (ROM) exercise on the hemiplegic wrist
joint, and the second task was to execute an active ROM exercise on the same
joint. An fMRI block design was used in both tasks where two rest blocks
(each 20 s) were interleaved by one active block (each 20 s). In both tasks, a
pair consisting of one rest block and one active block was repeated eight times.

For the active wrist ROM exercise, the participants were thoroughly

instructed before entering the scanner. The “start” and “stop” signs were

26



indicated, and compliance with the instructions was ensured by visual
inspection throughout the exam. For the passive wrist ROM exercise, the
hemiplegic wrist was manually moved by the researcher’s hand during fMRI

acquisition.

B. fMRI acquisition
The fMRI scans were conducted with a Siemens MAGNETOM TrioTim
syngo scanner using echoplanar imaging (EPI, TE = 30 ms, TR = 3,000 ms; 9
slices of 3.5 mm thickness, voxel size 1.9 x 1.9 x 3.5 mm® angulated in
parallel to the anterior and posterior commissure line. Whole-brain scans
including eight blocks of executed movements consisting of eight EPI, each
alternating with seven blocks of rest, were recorded per condition. For
anatomical reference, an anatomical data set was obtained using a T1-
weighted magnetization prepared rapid gradient (MP-RAGE) (slice thickness

1 mm, TR =1,670 ms, TE = 1.89 ms, flip angle = 9°) in the same session.

C. fMRI data analysis (15-18)

The fMRI data were preprocessed using Statistical Parametric Mapping 12
(SPM12, Wellcome Trust Centre for Neuroimaging, London, UK;
www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 2014b (Mathworks
Inc., Natick, MA). The preprocessing included slice timing, realignment, co-

registration, and spatial smoothing (Gaussian kernel of full-width-half-
27



maximum 6 mm).

1) Analysis protocol for a healthy subject

2)

The images were then realigned and co-registered to the individual
anatomical scan, segmented, spatially normalized to the Montreal
Neurological Institute (MNI) template and smoothed with an 8 mm
Gaussian kernel (full width at half-maximum).

Analysis protocol for a stroke patient

The participant’s own MRI scan was used to determine the region of
interest (ROI) without normalization to the Montreal Neurological
Institute (MNI) template, because it was impossible to normalize the

brain contour owing to partial brain atrophy and ventriculomegaly.
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RESULTS

1. Validation of motion synchronicity between the motors

and AHRS sensors

Spatial and temporal synchronicity between both arms is essential to achieve
the mirror effect in the mirror robot system. To validate the motion
synchronicity, we compared the joint angles derived from the encoder of the
motor in the hemiplegic arm and the AHRS sensor in the healthy arm in real-
time. The error plots were depicted when performing the “dots tracing” task.
As a result, the root mean square error (RMSE) between the motor and the
AHRS sensor during elbow ROM was 0.07° and that during wrist ROM was
0.14°. This proved the existence of high synchronicity between the
movements of both arms (Fig. 15). The average differential nonlinearity

(DNL) of the elbow motor is 0.00018, and that of the wrist motor is 0.0238.
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2. A clinical study for healthy subjects

We conducted a clinical study on healthy subjects to confirm the safety and
feasibility of the prototype. The instruction (“Do not move your hemiplegic
arm on your own.”) was given to the subjects for completely passive
movement of the hemiplegic arm. We placed both forearms on the frames, and
both hands on the handles. Then, we fixed the forearms with straps. Six
healthy subjects conducted a ‘pen marking task’ (touching the two small
boards alternately with a pen attached on the healthy hand as shown in Fig. 16)
10 times, which took on average 106 s per subject. No adverse events were
observed, and robotic mirror therapy was proven to be feasible.

A 30-year-old healthy male conducted the fMRI. The blood-oxygen-level
dependent (BOLD) signal was increased in the primary motor cortex during
the active wrist ROM exercise. The p value was applied as < 0.01 and < 0.005

(Fig. 17).
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Figure 16. Pen marking task in six healthy subjects using a prototype of
the mirror robot system. Conducting a pen marking task 10 times

consecutively took, on average, 106 s per subject.
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Figure 17. fMRI analysis in a healthy subject (30-year-old male). The
BOLD signal was increased in the premotor cortex and prefrontal cortex

during the active left wrist ROM exercise (p < 0.01).
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3. Feedback from rehabilitation doctors

In addition, a clinical study with rehabilitation doctors was conducted. We
requested expert opinions to determine appropriate tasks for effective robotic
mirror occupational therapy. With feedback from six rehabilitation doctors,
the degree of illusion elicited by the mirror robot was highest for “ball in
holes” and “moving a cup” tasks (7.2 out of 10 on a numerical rating scale
[NRS] for each), followed by “soccer game” (7.0/10) and “dots tracing” tasks
(6.5/10). Regarding the synchronicity of movement between both arms during
robotic mirror therapy, the “moving a cup” task had an NRS score of 7.0/10,
followed by “soccer game” and “dots tracing” (6.8/10 each), and then “ball in
holes” (6.2/10) (Fig. 3). Among these four tasks, rehabilitation doctors
recommended “soccer game” as a useful task for ADL training in patients

with stroke.

4. A case study for stroke patients

A.Casel
A 60-year-old male stroke patient with a right basal ganglia hemorrhage and a
left hemiplegia 19 months prior received robotic mirror therapy for two weeks.
Robotic mirror therapy consisted of four tasks (“ball in holes”, “moving a

LR INY3

cup”, “soccer game”, and “dots tracing”). After the patient accomplished the
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10th visit, he conducted follow-up functional evaluations. The Fugl-Meyer
assessment scale of the hemiplegic arm improved from 12 to 17 out of 66, and
the modified Ashworth scale of elbow flexors (for spasticity) was reduced
from grade 2 to 1+ (Table 1 and Fig. 18). Left lateral pinch power was
increased from 0 to 3 Ib. Other parameters revealed no difference before and

after robotic mirror therapy.
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Table 1. Functional evaluation of a 60-year-old male patient with chronic right
basal ganglia hemorrhage (case 1).

Before After 10 sessions
Mini-mental state examination 29 -
Fugl-Meyer assessment scale
(Hemiplegic upper extremity) 12 o
Shoulder/elbow 11 15
Wrist 0 1
Hand 1 1
Modified Ashworth scale
Elbow flexor 2 1+
Wrist flexor 0 0
Modified Barthel index
25 25

(Upper extremity)

Jebsen hand function test

Uncheckable

Uncheckable

Left hand power (Ib)

Grip 8 8

Lateral pinch 0 3

Palmar pinch 0 0
Hemispatial neglect test

Line bisection test

) ] 6/6 each 6/6 each
(left; middle; right)
Albert’s test
12/12 each 12/12 each

(left; middle; right)

Motor evoked potential

No response

No response

36
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Fugl-Meyer assessment scale Modified Ashworth scale  Left hand power (1b)
(Upper extremity) (Elbow flexor) (Lateral pinch)

Figure 18. Functional evaluation of a 60-year-old male patient with
chronic right basal ganglia hemorrhage (case 1). Main subsets of data that

showed improvement after 10 sessions of robotic mirror therapy.
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B. Case 2
A 56-year-old male stroke patient who had a right middle cerebral artery
territory infarction and a left hemiplegia 11 months prior to his participation
in this case study received robotic mirror therapy for two weeks. He had been
receiving physical and occupational therapy in hospitals five days per week
on an out-patient-basis. Robotic mirror therapy consisted of the four tasks that
were mentioned above. At the follow-up functional evaluations after the 10th
session, the TFT was considerably improved (Table 2 and Fig. 19). The TFT
score at the eye level was improved from 2 to 1, and the TFT measured at the
overhead level from 3 to 1. Albert’s test score on the left side was improved
from 6 to 11 out of 12 (Fig. 20). Other parameters revealed no difference
before and after robotic mirror therapy. At the 2-month post-therapy follow-
up, the TFT score was 1 at both the eye level and overhead level, and the
Albert’s test score on the left side was 11 out of 12.

In the fMRI study, there were no significant activation areas during the
passive ROM task before the treatment sessions (Fig. 21A). However, after 10
sessions, the lower part of the superior parietal lobule (Brodmann area 7) and
premotor cortex (PMC, Brodmann 6) were significantly co-activated during
the passive ROM exercise. The percentage change in signal strength from the
lower part of superior parietal lobule was 0.10 % before robotic mirror
therapy and 0.38 % after 10 sessions of therapy. In the case of the active ROM

task, the contralateral PMC and ipsilateral prefrontal cortex were mainly
38



activated during the active ROM exercise in the post-treatment fMRI scan

(Fig. 21C, 21D).
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Table 2. Functional evaluation of a 56-year-old male patient with chronic right

middle cerebral artery territory infarction (case 2).

After 10 At 2-month
Before )
sessions follow-up
o Eye level: 2, Eye level: 1, Eyelevel: 1,
Thumb finding test
Overhead: 3 Overhead: 1 ~ Overhead: 1
Fugl-Meyer assessment
scale (Hemiplegic upper 4 4 4
extremity)
Shoulder/elbow 4 4 4
Wrist
Hand 0 0 0
Modified Ashworth scale
Elbow flexor 1 1 1
Wrist flexor 1 1 1
Modified Barthel index
14 14 14

(Upper extremity)
Jebsen hand function test
Left hand power (Ib)
Grip
Lateral pinch
Palmar pinch
Hemispatial neglect test
Line bisection test
(left; middle; right)
Albert’s test
(left; middle; right)

Uncheckable

5/6; 6/6; 6/6

6/12; 12/12;
12/12

Uncheckable

4/6; 6/6; 6/6

11/12; 12/12;
12/12

Uncheckable

4/6; 6/6; 6/6

11/12; 10/12;
12/12
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39 Albert's test (left side)

m Before
After 10 sessions

Eye level Overhead

T 1
Before After 10 sessions

)

Thumb finding test

Figure 19. Functional evaluation of a 56-year-old male patient with
chronic right middle cerebral artery territory infarction (case 2). Main

subsets of data that improved after 10 sessions of robotic mirror therapy.
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Figure 20. Albert’s test of the case 2 patient. Albert’s test before (A) and
after 10 sessions (B) of robotic mirror therapy. The score in the left side was

improved from 6 to 11 out of 12.
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Figure 21. fMRI study in the case 2 patient. The BOLD signal was
increased in the lower part of the right superior parietal lobule and left PMC

during the passive left wrist ROM exercise before (A) and after 10 sessions of
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robotic mirror therapy (B). The signal was increased mainly in the PMC and
prefrontal cortex during the active ROM exercises before (C) and after 10

sessions of therapy (D) (p < 0.01 and < 0.005).
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DISCUSSION

The primary purpose of this study was to develop a real-time mirror robot
system for functional recovery of hemiplegic arms using an automatic control
algorithm. The effect of robot-assisted therapy on long-term recovery of
upper-limb impairment after stroke was proven beneficial in previous studies
(19), and various kinds of arm robots have been introduced (20-27). However,
previous studies of upper extremity robots that achieved bilateral arm
movement applied mechanical connections without using a mirror, which is
different from the concept of mirror therapy (19, 20).

To upgrade the conventional mirror therapy, we enabled the hemiplegic arm
to move in real-time by applying AHRS sensors on the healthy arm and
attaching motors to the hemiplegic elbow and wrist. Proprioceptive stimulus
from the hemiplegic arm to the somatosensory cortex of brain can be
enhanced through the mirror robot system. Therefore, our study is the first
attempt that applied a real mirror with a robot system for facilitation of
proprioception followed by motor recovery, which can be differentiated from
others’ work.

It is critical for the system to have minimum synchronization delay since
the mirror effect will be maximized when the delay is minimized. To achieve

this, we retrieved data from sensors with the minimum necessary byte count
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while reading them in parallel within a loop inside the software architecture.
As a result, the synchronization delay between the healthy arm and the robot
is only 0.04 — 0.40 sec. The RMSE between the motor and the AHRS sensor
during wrist ROM is twice as much as that during elbow ROM, which could
be because of possible accumulated error in an end-effector at the upper
extremity.

The time from setup to operation of the mirror robot system takes only
about 3-5 minutes. Therefore, this portable device can be easily installed and
applied to stroke patients in an occupational therapy room, unlike the large-
volume mirror image movement enabler (22).

In this case study, the chronic stroke patient (case 1) showed improvement
in the Fugl-Meyer assessment scale and elbow flexor spasticity after two
weeks of robotic mirror therapy. The minimal clinically important difference
(MCID) of FMA-UE is known to be 4.25 to 7.25 in chronic stroke patients
(28). Thus, the change of FMA-UE in the case 1 patient from 12 to 17 could
be a clinically meaningful improvement. In addition, a decrease in elbow
flexor spasticity might be partially due to the stretching effect of the mirror
robot.

Importantly, the case 2 patient revealed improved proprioception (measured
by the TFT) and hemispatial neglect after 10 sessions of robotic mirror
therapy and 2-month post-therapy follow-up. Conventional mirror therapy is

also known to be effective on hemispatial neglect (29-32). In the fMRI
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analysis after all the treatment sessions, the lower part of the superior parietal
lobule and the PMC were co-activated during the passive ROM exercise. On
the other hand, the PMC was mainly activated during active ROM exercise,
which was probably due to the absence of somatosensory input. Because the
patient could not move the hemiplegic wrist on his own due to severe
weakness, the active ROM task was actually “motor imagery”. The previous
studies showed that the PMC can be activated by motor imagery (33, 34).
Because the patients conducted specific tasks with the robotic mirror system
for two weeks, and fMRI tasks were simple ROM exercises, we assume that
training effects on the study results could be excluded.

The lower part of the superior parietal lobule is known to receive inputs
from the somatosensory cortex. Receipt of tactile and proprioceptive
information from muscles and joints causes the superior parietal lobule to tap
into its own memory stores (35). Meanwhile, the PMC receives a rich sensory
input from the superior parietal lobule incorporating tactile and visuospatial
signals. The PMC is usually active bilaterally, if at all (35).

There have been several studies on cerebral activation evoked by the mirror
illusion (16, 17, 36-38). In healthy right-handed volunteers, there were
increased BOLD responses in primary motor and somatosensory cortex (BA 2,
3b, and 3a), premotor and parietal areas, and V5 (36). The mirror illusion may
be considered as not eliciting immediate changes in motor areas, whereas

there is a direct effect on somatosensory areas, especially for left hand
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movements. In stroke patients, the fMRI results showed significant activation
of the ipsilateral sensorimotor cortex, anterior prefrontal gyrus, and the
occipital gyrus due to the mirror visual illusion of ankle movements (37). The
ipsilateral prefrontal cortex was also activated during the active ROM task as
part of post-treatment evaluation of our patient. In chronic stroke patients,
who received mirror therapy for 8 weeks, there was an increase in the
laterality index of ipsilesional BA 4 and BA 6 (38). This is slightly different
from our study results.

The improvement of proprioception in our study may be related to the
robotic mirror therapy setting. When the patient put on the exoskeleton, the
forearm and hand were fixed with the strap throughout the treatment.
Therefore, the tactile sensory input would have been nearly constant without
significant variation. The most noticeable sensory change during the robotic
mirror therapy was the movement of the elbow and wrist joints, which is a
proprioceptive stimulation. The increased activity was dominant in the
superior parietal lobule and not in the somatosensory cortex. The reason for
this result may have been clearer if we had performed the somatosensory
evoked potential examination. We need to further differentiate the
contribution of robotic mirror therapy to sensorimotor processing from that of
tactile stimulation or passive ROM exercise.

There are several limitations of this study. First, we could not include fine

finger movements, such as grip or pinch, and 3-dimensional tasks of
48



conventional mirror therapy. Second, we did not fix the elbow joint of the
healthy arm to preserve physiologic movement as much as possible. However,
restriction of the range of elbow motion would be helpful to enhance
synchronicity with the opposite elbow, which is moved by the motor.
Modifying the system by installing an additional structure that secures the
healthy side elbow will improve the synchronicity and, therefore, will increase
the effect of the therapy. Third, patients who had severe spasticity or stiffness
could not be included because of insufficient motor power, even though the
joint moved slowly. The system could be modified by replacing the motor
with a motor with a higher torque output to overcome moderate stiffness.
However, even with strong motor, treatment of patients with severe levels of
spasticity or stiffness should be avoided to prevent tendon or bone injuries due
to excessive force application to the joints. Fourth, we could not recruit a
control group receiving conventional mirror therapy, which is needed to
confirm the therapeutic effect of robotic mirror therapy.

The mirror effect may degrade proprioceptive information rather than
integrate visual and proprioceptive information concerning hand position (39).
The magnitude of this effect is linearly related to the size of the visual-
proprioceptive conflict (39, 40). In this aspect, the robotic mirror therapy in
our study can contribute to visual-proprioceptive integration. Therefore, it is
expected to exert a synergistic effect in terms of proprioception compared to

the simple passive ROM exercise without mirror therapy.
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This mirror robot system can be easily developed and utilized effectively to
advance occupational therapy. Future studies with a large sample size and
longer follow-up period including functional brain MRI will be needed to
confirm the effects on proprioception and functional recovery of hemiplegic

arms in stroke patients.
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CONCLUSIONS

This is the first report on robotic mirror therapy system using a real mirror
that is differentiated from previous works on rehabilitation robots applying
bilateral arm movement. We conducted a case study with chronic stroke
patients, which revealed improvement in the Fugl-Meyer assessment scale and
elbow flexor spasticity, proprioception, and hemispatial neglect after a two-
week application of the mirror robot system. Visual-proprioceptive integration
can be suggested as a therapeutic mechanism of robotic mirror therapy. This
mirror robot system will pave the way for researchers in the field of
neurorehabilitation to explore the effect of advanced occupational therapy to

enhance proprioception in patients with brain lesions, such as stroke.
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SUPPLEMENTARY FIGURE AND TABLES

Supplementary figure 1. The tasks for conventional mirror therapy. The

person in the figure is one of the researchers, Sukgyu Koh.
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Supplementary table 1. Fugl-Meyer assessment scale.® Total motor score for

the upper extremity is 66, and that for the lower extremity is 34.

UPPER EXTREMITY
A. Shoulder/Elbow/Forearm

I.  Reflex activity

Flexors —Biceps
—Finger flexors

Extensors—Triceps

. a. Flexor synergy

Shouider—Retraction
—Elevation
—Abduction
—Outward rolation

Elbow --Flexicn

Forearm —Supination

b. Extensor synergy
Shoulder—Adduction/inward rotation
Elbow —Extension

Forearm —Pronation

Ill.  Hand to lumbar spine

Hand —Move to lumbar spine
Shoulder —Flexion 0°-90°
Elbow 90°—Pronation/supination

IV. Shoulder —Abduction 0°-90°

—Flexion 90°-180°
Elbow 0° —Pronation/supination

V. Normal reflex activity

Total—Shoulder/Elbow/Forearm

Wrist

Elbow 90°—Wrist stability

Elbow 90°—Wrist flexion/extension
Elbow 0° —Wrist stability

Elbow 0° —Wrist flexion/extension
Circumduction

Total—Wrist

C.

Hand

Fingers mass flexion
Fingers mass extension
Grasp a

Grasp b

Grasp ¢

Grasp d

Grasp e

Total—Hand
D. Coordination/Speed

Tremor
Dysmetria
Speed

Total—Coordination/Speed
Total Motor Score for the Upper Extremity

0ODoo

Ooopoooag

oooD

oooooa0o opooopboooD

Ooooooooo

ooooa

LOWER EXTREMITY
E. Hip/Knee/Ankle

.

Reflex activity
Flexors —Hamstrings
—Achilles
Extensors—Patellar
a. Flexor synergy
Hip —Flexion
Knee —Flexion
Ankle—Dorsiflexion
b. Extensor synergy
Hip —Extension
—Adduction
Knee—Extension
Ankle—Plantar flexion
Knee—Flexion
Ankle—Dorsiflexion
Knee—Flexion
Ankle—Dorsiflexion
Normal reflex activity
Flexors —Hamstrings
—~Achilles
Extensors—Patellar

Total—Hip/Knee/Ankie
F. Coordination/Speed
Tremor
Dysmetria
Speed
Total—Coordination/Speed
Total Motor Score for the Lower Extremity

O
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Supplementary table 2. Modified Ashworth scale™

Scoring Description

0 No increase in muscle tone

1 Slight increase in muscle tone, manifested by a catch and release
or by minimal resistance at the end of the range of motion
(ROM) when the affected part(s) is moved in flexion or extension

1+ Slight increase in muscle tone, manifested by a catch, followed
by minimal resistance throughout the remainder (less than half)
of the ROM

2 More marked increase in muscle tone through most of the ROM,
but affected part(s) easily moved

3 Considerable increase in muscle tone, passive movement difficult

4 Affected part(s) rigid in flexion or extension
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Supplementary table 3. Modified Barthel index

Index item Score

Chair/Bed transfers 0 3 12 15
Ambulation 0 3 12 15
Ambulation/Wheelchair (if unable to walk) 0 1 4 5
Stair climbing 0 2 8 10
Toilet transfers 0 2 8 10
Bowel control 0 2 8 10
Bladder control 0 2 8 10
Bathing 0 1 4 5
Dressing 0 2 8 10
Personal hygiene (Grooming) 0 1 4 5
Feeding 0 2 8 10
Total score 100

62



13,14

Supplementary table 4. Thumb finding test

Scoring Description

0 No difficulty: The patient is able to locate the affected thumb
accurately.

1 Slight difficulty: The patient aims in the right general direction

but missed the affected thumb by no more than 3 inches, and is

able to locate it within 5 seconds.

2 Moderate difficulty: The patient finds the affected arm and then
this leads him to the affected thumb.

3 Severe difficulty: The patient is unable to find his thumb and

does not climb up the affected arm in order to locate it.
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