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Abstract 

Background:  Mirror therapy (MT) has been used for functional recovery of the affected hand by providing the mir‑
rored image of the unaffected hand movement, which induces neural activation of the cortical hemisphere contralat‑
eral to the affected hand. Recently, many wearable robots assisting the movement of the hand have been developed, 
and several studies have proposed robotic mirror therapy (RMT) that uses a robot to provide mirrored movements 
of the unaffected hand to the affected hand with the robot controlled by measuring electromyography or posture 
of the unaffected hand. In some cases of RMT a mirror is placed to allow the person to observe only the unaffected 
hand but in others users simply observe the robotically assisted hand performing the mirrored movements, as was 
the case in this study. There have been limited evaluations of the cortical activity during RMT compared to MT and 
robotic therapy (RT) providing passive movements despite the difference in the modality of sensory feedback and the 
involvement of motor intention, respectively.

Methods:  This paper analyzes bilateral motor cortex activation in nine healthy subjects and five chronic stroke 
survivors during a pinching task performed in MT, RT, and RMT conditions using functional near infrared spectroscopy 
(fNIRS). In the MT condition, the person moved the unaffected hand and observed it in a mirror while the affected 
hand remained still. In RT condition passive movements were provided to the affected hand with a cable-driven soft 
robotic glove, while, in RMT condition, the posture of the unaffected hand was measured by a sensing glove and the 
soft robotic glove mirrored its movement on the affected hand.

Results:  For both groups, the RMT condition showed the greatest mean cortical activation on the motor cortex con‑
tralateral to the affected (non-dominant for the healthy group) hand compared to other conditions. Individual results 
indicate that RMT induces similar or greater neural activation on the motor cortex compared to MT and RT condi‑
tions. The interhemispheric activations of both groups were balanced in RMT condition. In MT condition, significantly 
greater activation was shown on the hemisphere ipsilateral to the affected (dominant for the healthy group) hand for 
both subject groups, while the contralateral side showed significantly greater activation for the healthy group in RT 
condition.

Conclusion:  The experimental results indicate that combining visual feedback, somatosensory feedback, and motor 
intention are important for greater stimulation on the contralateral motor cortex of the affected hand. RMT that 
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Introduction
Individuals who experience stroke tend to lose motor 
function, and more than 70% of them have the upper 
limb affected. Particularly, hand function is most severely 
affected and also shows the worst response to stand-
ard of care therapy [1, 2]. Hand motor function can be 
improved by intense and repeated practice of functional 
movements through rehabilitation therapy. Repeated 
motor training is believed to improve motor functions 
because it induces neuroplastic changes that construct 
a new neural network in the intact cortical area, which 
replaces the function of the damaged area [3–5]. For 
effective rehabilitation, repeatedly providing neural stim-
ulation around the motor and somatosensory cortex is 
important [6, 7]. A greater activation level of the cortical 
area near the motor cortex is observed after functional 
recovery likely indicating neuroplastic changes [8, 9].

Mirror therapy (MT) is a rehabilitation method of 
placing a mirror between the arms or legs so that the 
reflected movement of the non-affected limb gives an 
illusion of normal movement in the affected limb [10, 11]. 
MT is particularly used for the rehabilitation of individ-
uals post-stroke who do not have the ability to conduct 
voluntary movements. The contralateral motor cortex 
of the affected limb is known to be stimulated by mir-
ror therapy, although no voluntary movements are con-
ducted [12–14]. However, the magnitude of the cortical 
activation is small compared to that of the unaffected 
limb as it does not convey actual movements and the cor-
responding somatosensory feedback.

Wearable robotic technologies enable assistance of 
limb movements for individuals with paralysis and other 
movement pathologies, and the use of wearable robots 
has expanded to rehabilitation therapy for various func-
tional tasks. Recently, many researches have attempted 
to apply mirror therapy using wearable robots (robotic-
mirror therapy, RMT) [15–17]. In RMT, the movement 
or muscle activation of the unaffected hand is measured 
and the wearable robot donned on the affected hand 
induces identical movement corresponding to the meas-
urements. While some versions of RMT in the previous 
studies include a mirror to provide visual feedback of the 
mirrored less affected hand, other RMT systems do not. 
In this latter case, the term “mirror” indicates that the 
robotic assistance provided to the more affected hand is 
“mirroring” the movement of less affected hand. Unlike 

MT that only provides visual feedback, RMT provides 
both visual feedback and somatosensory feedback by 
providing passive movements. However, the neural effect 
of the RMT compared to MT is still a question and needs 
to be studied to understand the effect on actual func-
tional recovery.

There are various methods available to observe neu-
ral activation of the brain during functional movements. 
Functional near-infrared spectroscopy (fNIRS) is one of 
these methods, which non-invasively measures brain 
activation by analyzing the hemodynamics of the cerebral 
vessels through near-infrared light. Movement-related 
cortical activity, including both the area and magnitude 
of activations, can be quantified with fNIRS by placing 
multiple light-emitters and detectors on the scalp around 
the motor cortex. Previous studies have evaluated the 
effectiveness of robotic and/or sensorized gloves using 
fNIRS and observed increased cortical activation [18, 19]. 
By spatial analysis of fNIRS previous studies have also 
identified the correlation between the variation of func-
tional recovery of MT among subjects and the shift of 
cortical activation on the precuneus region [20], and ana-
lyzed the functional laterality according to the time after 
a stroke [21].

In this paper, we analyzed the neural effect of MT, 
robotic therapy (RT), and RMT in repetitive pinching 
movements. RT was tested, in addition, to observe the 
neural effect when no movement intention was involved. 
The RMT was conducted by measuring the movement 
of the unaffected hand with a custom-designed sensor 
glove and inducing movement of the affected hand with 
a soft robotic glove that could assist 4-DOF movements 
[22] previously developed from our research group. RT 
was conducted by moving the affected hand with the soft 
robotic glove without involving movement of the unaf-
fected hand. fNIRS was used to measure neural activity 
in the brain during MT, RT, and RMT. Neural effects of 
each condition on healthy subjects and stroke survivors 
were analyzed and compared.

Methods and materials
A. Participants
Nine healthy subjects (43.8 ± 14.3 yrs) and five stroke 
survivors with hemiplegia (60.6 ± 6.2 yrs) participated in 
the experiment and the demography is shown in Table 1. 
The experimental protocols were approved by the 

includes these factors is hypothesized to achieve a more effective functional rehabilitation due to greater and more 
balanced cortical activation.

Keywords:  Robotic mirror therapy, Stroke, Soft robotic glove, Functional near-infrared spectroscopy, 
Neurorehabilitation
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Institutional Review Board at the Korea Advanced Insti-
tute of Science and Technology (KH2018-127); written 
informed consent was obtained from each subject before 
participation.

B. Experimental apparatus and setup
Soft robotic glove
A 4-DOF soft robotic glove [22] was used to assist the 
movements of the affected hand of the stroke survivors 
and non-dominant hand of the healthy subjects dur-
ing the therapy. The soft robotic glove is actuated by 
elastic straps (passive exotendons) and cables (active 

exotendons) that replicate the orientation of the hand’s 
musculotendinous units (Fig. 1a).

The passive exotendons keep the fingers and thumb 
extended by elastic force and they are routed as in 
Fig.  1c. The finger-extensor (FEX) exotendon and 
thumb-extensor (TEX) passed the dorsal aspect of the 
finger and thumb, respectively, while the reposition 
(RP) exotendon inserts to the TEX exotendon near the 
dorsal aspect of the metacarpophalangeal (MCP) joint 
and passes the dorsal aspect of the wrist. FEX and TEX 
exotendons induce extension of the finger and thumb, 
respectively, while the RP exotendon induces reposition 
(combined movement of extension and adduction) of the 

Table 1  Subject demographics

*Excluded subjects with no significant fNIRS signal with respect to motion

Subject No Sex Age (yrs) Time since stroke 
(months)

Affected (Stroke) or dominant 
(healthy) side

Brunnstrom 
stage

Stroke P1 M 60 336 Right 4

P2 M 59 84 Right 4

P3 F 52 84 Right 4

P4* F 69 372 Left 2

P5 M 63 132 Left 3

Healthy S1 F 23 – Right –

S2 M 30 – Right –

S3 M 24 – Right –

S4 M 51 – Right –

S5* F 49 – Right –

S6 F 50 – Right –

S7 M 62 – Right –

S8 F 49 – Right –

S9 F 56 – Right –

Fig. 1  Design overview of the soft robotic glove. a Overview of the soft robotic glove, b routing of active exotendons, c routing of passive 
exotendons
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carpometacarpal (CMC) joint. The assisted force could 
be adjusted by changing the stretched length of the pas-
sive exotendon with a hook-and-loop fastener button.

The active exotendons consisting of cables are con-
nected with servomotors that actively provide force to 
the exotendon. The active exotendons are routed as in 
Fig. 1. The flexor digitorum profundus (FDP) exotendon 
(Fig. 1b, purple line) passes the palmar aspect of the fin-
ger joints, while the intrinsic (INT) exotendon (Fig.  1b, 
red line) is inserted at dorsal aspect of the FEX exoten-
don near the middle phalanx and passes the dorsal aspect 
of the proximal-interphalangeal (PIP) joint, lateral side 
of the proximal phalanx, and palmar aspect of the MCP 
joint. The FDP exotendon flexes all finger joints while the 
INT exotendon flexes the MCP joint and extends the dis-
tal-interphalangeal (DIP) and PIP joints. The movement 
of PIP and MCP joints of the finger could be controlled 
separately by controlling FDP and INT exotendons. 
The opposition (OP) exotendon (Fig.  1b, green line) is 
inserted on the proximal aspect of the first metacarpal 
bone and passes the palmar aspect of the wrist, which 
induces opposition (combined movement of flexion and 
abduction) of the CMC joint of the thumb. The thumb-
flexor (TFL) exotendon (Fig.  1b, yellow line) passes the 
dorsal aspect of the thumb joint and induces flexion of 
all joints.

In total, three digits are actuated with the soft robotic 
glove including the index finger, middle finger, and 
thumb. The active exotendons of the index and middle 
finger are connected to the same motor and actuated 
together, while the thumb is actuated separately.

Sensor glove
The sensor glove embeds bending sensors (Bend sen-
sor, Flexpoint Sensor Systems Inc., Draper, UT, USA) 
that changes resistance depending on the amount of 
bending. The bending sensors are placed on the dor-
sal aspect of joints to measure joint angles of the finger 
and thumb. The sensor glove measures the flexion angle 
of the PIP and MCP joint of the index finger, combined 
flexion of the interphalangeal (IP) joint and MCP joint of 
the thumb, and opposition of the thumb CMC joint. The 
location of the sensors for measuring the joint angles are 
shown in Fig. 2.

Control strategy
The soft robotic glove is controlled to generate the same 
hand posture measured (joint angle measurements) from 
the sensor glove ( qd ). The length of the active exotendons 
( l ) are controlled to the length that corresponds to the 
measured posture ( ld ). The length of the active exoten-
don corresponding to the joint angle vector q is given as

where, TT
a  represents the exotendon force-to-torque 

transformation matrix. The elements of the transforma-
tion matrix are instantaneous moment arms of the cor-
responding exotendon spanning the index finger, middle 
finger, and thumb joints.

An impedance controller was used for controlling the 
active exotendon as follows:

where, fa represents the tensional force of the active exo-
tendon, Kl and Dl represent the proportional and deriva-
tive gain matrix, respectively. By substituting (1) into (2) 
and letting l̇d = 0, fa becomes

The effective stiffness of joints could be adjusted with 
the feedback control proportional gain matrix for exo-
tendon length ( Kl ). For biomechanically intuitive adjust-
ments, a diagonal matrix was used for Kl as it enables 
adjustment of the stiffness of each exotendon. The adjust-
ability of effective stiffness of joints enables the robotic 
glove to provide the same posture regardless of joint stiff-
ness that varies between subjects [23].

Experimental setup
The soft robotic glove and the sensor glove was donned 
on the affected hand and the unaffected hand, respec-
tively, for stroke subjects, whereas they were donned on 
the dominant hand and non-dominant hand, respec-
tively, for healthy subjects. The subjects sat on a chair and 
placed their hand on the table.

(1)ld = TT
a (qd)qd

(2)fa = −Kl(l − ld)− Dl

(
l̇ − l̇d

)

(3)fa = −Kl

(
TT
a (q)q − TT

a (q)qd

)
− DlT

T
a (q)q̇

Fig. 2  Overview of the sensor glove and location of bending sensors
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In the MT condition, a 26 cm × 40 cm mirror was 
placed in front of the body on the desk in the position 
shown in Fig. 3a. The mirror was vertical to the plane of 
the desk and directed to the hand with the sensor glove. 
The orientation of the mirror was adjusted until the sub-
ject feels the reflected image of the unaffected (or non-
dominant) hand as his/her affected (or dominant) hand. 
The experiments in RT and RMT condition were con-
ducted without the mirror. The stiffness of the exotendon 
was tuned to each individual so that the subject could 
closely follow the pinching motion conducted by the 
hand with the sensor glove.

NIRSport 2 (fNIRS, NIRx Medical Technologies, Glen 
Head, NY, USA) was used to measure brain activation. A 
16 × 16 motor cortex montage (Fig.  4a) was adopted to 
measure the brain activation related to the tasks. Sources 
marked as red dots in the montage produce lights at two 
wavelengths (760 nm and 850 nm) that can penetrate 
through the skull and be absorbed by hemoglobin in the 
cerebral cortex. With data collected at each wavelength 
and using Beer-Lambert law, detectors marked as blue 
dots measure the level of oxygenated hemoglobin (HbO, 
850 nm) and deoxygenated hemoglobin (HBR, 760 nm) 
with sampling rate 4.4 Hz [24]. Each pair of source and 
detector is marked as a green link in Fig. 4b, and the dis-
tance between them were kept to be 3 cm. The source 
and detector construct 48 channels in total. The channel 
location and its numbering are marked in Fig. 4b.

C. Experimental procedure
The experiments in each condition were arranged in 
a block design paradigm (Fig. 4c). Each 30 s block con-
sisted of 20 pinching trials. An auditory cue was provided 
at 0.75 s intervals (1.33 Hz) during the pinching block 
trial to indicate timing to open and close the hand. Each 
pinching block was followed by a resting block lasting 30 

s. Pinching and resting blocks were repeated 10 times for 
each condition. Pinching was conducted by using the tip 
of the index finger, middle finger, and thumb (Fig.  4d). 
In the resting state, subjects were asked to relax. During 
the pinching task, the subjects were asked to observe the 
movement of the hand wearing the soft robotic glove in 
the RT and RMT condition, and to observe the mirror 
image of the unaffected (or non-dominant) hand under 
MT condition. The details of the movement on each con-
dition are as follows.

MT condition
Subjects were asked to repeat pinching motion for the 
hand wearing the sensor glove according to the audi-
tory cue. Subjects were asked not to voluntarily move the 
hand wearing the actuating glove. The actuating glove 
did not assist hand movement in this condition. Subjects 
were instructed to visually observe the pinching hand in 
the mirror.

RT condition
Subjects were asked not to voluntarily move both hands. 
The experimenter wore the sensor glove and repeated 
pinching motion according to the auditory feedback. 
Pinching movements were performed by controlling the 
soft robotic glove according to the hand posture meas-
urements of the sensor glove. As the soft robotic glove is 
controlled by the experimenter, this condition does not 
include the subject’s intention to move. Subjects were 
instructed to visually observe the hand being moved by 
the actuated glove.

RMT condition
Subjects were asked not to move the hand wearing 
the soft robotic glove, and to repeat pinching motion 
for the hand wearing the sensor glove according to the 

Fig. 3  Experimental setup of each test condition: a MT condition, b RT condition, c RMT condition
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auditory cue. The soft robotic glove was controlled to 
perform pinching movement according to the hand 
posture measurements of the sensor glove. As the soft 
robotic glove is controlled by the subject, this condition 
includes the subject’s intention to move. Subjects were 
instructed to visually observe the hand being moved by 
the actuated glove.

The representative results showing the sensor glove 
measurements and angular displacement of the motors 
actuating the active exotendons for a single participant 
post-stroke is illustrated in Fig. 5. Note that the partici-
pant was able to move their unaffected hand according 
to the auditory cue and the robotic glove was actuated 
based on the sensor glove measurements (Fig. 5).

D. Data analysis
Data analysis was composed of three steps. First, ‘Data 
Filtering’ was applied to extract frequency components 
that are related to hemodynamic signal. Second, in 
‘Significant Channel Selection’, we selected the chan-
nels that are significantly activated by observing the 
change of HbO and HbR during the task period and 
using functional connectivity (FC) analysis, which 
analyzed the correlation coefficient of signals between 
channels to identify functionally related brain regions 
[25, 26]. To compare the effect of task conditions on 
the brain, in ‘Deriving Quantitative Indices’, we intro-
duce indices that quantify the activation level of 
each channel and interhemispheric balance between 

Fig. 4  Overview of experimental task and fNIRS setup: a Motor cortex montage of 16 sources (S1 ~ S16, red dots) and 16 detectors (D1 ~ D16, blue 
dots). b channel locations (1–48). c Schematic diagram of the experiment for each task condition. d Target pose of pinching to be generated by the 
soft robotic glove
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channels symmetrically located in the ipsilateral and 
contralateral hemispheres around the motor cor-
tex. Throughout the data analysis and experimental 
results, the ‘contralateral side’ denotes the brain hemi-
sphere opposite of the hand wearing the soft robotic 
glove, which is the affected hand for the stroke group 
and non-dominant hand for the healthy group.

1) Data filtering
We considered HbO signal as a primary indicator for 
brain activation as it is more sensitive to the change of 
blood flow than HbR [27]–[29]. We filtered the HbO 
and HBR signal with a band-pass filter with cut-off fre-
quencies at 0.01 Hz and 0.09 Hz to remove high-fre-
quency signals such as heartbeat and respiration, and 

Fig. 5  Joint angle measured by the sensor glove and angular displacement of the motor actuating the soft robotic glove during the experiment in 
RMT condition (subject P1): a Joint angle measured by the sensor glove, b angular displacement of the motors that actuate the active exotendons. 
The vertical dashed lines represent the timing of the auditory que
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low-frequency components caused by the change of scalp 
condition over time [30, 31].

2) Significant channel selection
Channels that satisfied the following two conditions were 
identified as having significant task-related activity. First, 
each channel that showed a significant change in HbO 
and HbR signals during task periods were selected. By 
conducting t-test as shown in Eq. (4) ( c : channel selection 
vector, G : design matrix, σ̂ 2 : residual sum-of-squares 
devided by the degrees of freedom), the channels that 
rejected the null hypothesis β = 0 (p < 0.05) were consid-
ered to be significant [32].

The detailed description for the parameters is in 
the equations of the following section. A representa-
tive example of the change of HbO and HbR over time 
is shown in Fig.  6. Second, we calculated the Pearson 
correlation of HbO and HbR time series data between 
channels to identify and retain task related channels 
and reject channels that are highly affected by exter-
nal noise. This type of FC analysis has previously been 
shown to identify functionally related brain regions 
[25, 26]. Channels in the same hemisphere with HbO 
and HbR that show higher correlation than 0.8 with at 
least one other channel were retained. The significant 

(4)t =
cT β̂√

σ̂ 2cT (GTG)
−1

c

channels satisfying these two requirements have con-
siderable activation and a high correlation with other 
channels, so they can be considered to detect task-
related hemodynamic activity.

3) Derivation of Quantitative Index
a. Activation level (general linear model)  To esti-
mate the activation level of each significant channel, we 
adopted the general linear model (GLM) [33]. Using the 
least square method, GLM method fits series of hemody-
namic response functions (HRFs) to pre-processed time 
series data of each channel, and estimates scaling coeffi-
cients β values. Note that HRF is a functional modeling 
of hemodynamic change in response to neural activation, 
and among various models we used canonical HRF model 
[34]. Equation (5)-(8) and Fig. 7 describe GLM method.

As shown in Eqs. (5) and (6), we composed design 
matrix G

(
Rn×m

)
(m = 4) with canonical HRF ( hc ), tem-

poral derivative of HRF ( d
dt
hc ), dispersion derivative of 

HRF ( d
2

dt2
hc ) and constant term C. Y (Rn) is pre-pro-

cessed time series data of a channel and E(Rn) is the 
error term to minimize.

With least square method in Eq. (7), β̂(Rm) can be 
obtained. Among the elements in β̂ , we considered β1 
as the primary indicator of signal magnitude for each 
channel, and compared it between task conditions and 
subjects. For group-level analysis, we averaged β1 of 
each channel over the subjects in each group. β1 of not 
significantly activated channels was set to be 0.

We utilized a linear mixed effects model to investigate 
the influence of task condition, group and their inter-
action on activation magnitude considering difference 
between participants as random effect. The formula 
for model specification was ‘beta ~ group + condi-
tion + group*condition + (1|paticipants)’.

b. Laterality  We also compared the interhemispheric 
balance of brain activation for each task condition and 
subject group. For this purpose, we defined laterality L 
as follows [35]:

(5)Y =

[
hc,

d

dt
hc,

d2

dt2
hc,C

]
• β+ E

(6)Y = Gβ+ E

(7)β̂ = (GTG)
−1

GTY

(8)β̂ = [β1,β2,β3,β4]
T

Fig. 6  Block averaged HBO and HBR plot of channel 8 of patient 1 
RMT. Increase in HBO and decrease in HBR can be observed
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where, β1,ipsi and β1,contra are β1 values of ipsilateral and 
contralateral side of paired channels.

We paired channels in symmetric position on the ipsi-
lateral and contralateral hemisphere. L value is between 
−1 and 1. When it is negative, activation on contralat-
eral side is dominant, and when it is positive, ipsilateral 
side is dominant. When L is close to zero, it indicates 
that the activation level is symmetric and balanced. We 
obtained laterality of channel pairs neighboring to C1, 
C2, C3 and C4 position of 10–20 international EEG sys-
tem that are known to be primary motor cortex area 
[36]. The significance of laterality was determined by a 
linear mixed effects models and its formula was ‘lateral-
ity ~ side + (1|participants)’ for each channel pair.

Results
For channel-wise comparison, the data was flipped across 
the midline in the participants who wore the soft robotic 
glove on left hand such that data from channel 1 to 24 
(left-side channels in Fig.  4) are represented as being 
contralateral to the robotic glove and 25 to 48 (right-side 
channels in Fig.  4) are represented as ipsilateral to the 
robotic glove for all participants.

(9)L =
β1,ipsi − β1,contra

β1,ipsi + β1,contra

1)	 Activation Level (HbO concentration)

	 For both stroke and healthy groups, MT activated 
both sides of the motor cortex, but greater activation 
was observed on the ipsilateral hemisphere to the 

Fig. 7  Schematic description of GLM method: a Time series model of canonical HRF (first column of design matrix), temporal derivative of HRF 
(second column of design matrix), and dispersion derivative of HRF (third column of design matrix). b Measured HbO data and fitted model which 
is Gβ̂

Fig. 8  Group-level cortical activation ( β1) of stroke participants 
(n = 4) and healthy subjects (n = 8): The left hemisphere, in the figure, 
represents the contralateral side of the affected hand for the stroke 
group and non-dominant hand for the healthy group
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robotic glove, which was contralateral to the hand 
that performed the movement (Fig. 8). RT primarily 
activated the motor cortex in the hemisphere con-
tralateral to the robotic glove, while RMT induced 
activation of both sides (Fig.  8) with similar mag-
nitude. RMT induced the strongest activation on 
contralateral channels (Fig.  8). Particularly, on con-
tralateral side of RMT, channel 5 and 8 showed the 
highest activation (Fig. 8), which are located around 
C4 (or C3) that is known to be the area responsible 
for hand movement [36]. MT induced activation 
on both sides, but stronger activation on ipsilateral 
hemisphere to the robotic glove, which is contralat-
eral to the hand executing the pinch movements. RT 
showed primary activation on the contralateral hemi-
sphere but its magnitude was smaller than in RMT.

	 The group-level contrast is shown in Fig.  9. Signifi-
cantly greater activation on the contralateral hemi-
sphere was shown for stroke survivors in RMT con-
dition compared to RT condition even though both 
conditions involved the robotic glove moving the 
hand. Specifically, RMT induced greater activation 

on the contralateral primary motor cortex (channel 
3) and contralateral somatosensory cortex (chan-
nel 10) compared to RT (Stroke RMT-RT, Fig.  9a). 
This effect was not observed in the healthy group. 
As expected due to the presence of contralateral 
hand moment, greater motor cortex activation was 
observed in both stroke and healthy groups on the 
hemisphere ipsilateral to the robotic glove in RMT 
compared to RT. The healthy group showed signifi-
cantly greater activation on the contralateral primary 
motor cortex in RMT condition compared to MT 
condition (channels 6, 8, and 18; Fig.  9a) whereas 
contralateral activation magnitude was greater RMT 
compared to MT in stroke group but it did not reach 
significance at the group level (0.1 < p < 0.05). MT 
induced significantly smaller activation on contralat-
eral primary motor cortex (channel 8) compared to 
RT in healthy group, while no significant differences 
were shown in the cortical activation in the contralat-
eral hemisphere between MT and RT in the stroke 
group. For the ipsilateral hemisphere, MT showed 
significantly larger activation than RT because of the 
voluntary movement of the contralateral hand (unaf-
fected hand for stroke subjects and nondominant 
hand for healthy subjects).

	 The cortical activation showed significant differences 
between subject groups (stroke vs. healthy) in RMT 
condition on the ipsilateral premotor cortex (channel 
45) and contralateral primary motor cortex (chan-
nel 3 and 18), while no significant difference was 
observed between subject group in RT and MT con-
dition (Fig. 9b).

	 Additional analysis was conducted at the individual 
level in participants post-stroke to see how training 
conditions affect the brain (Fig. 10) for each individ-
ual. P4 was excluded because there were no channels 
that satisfy the significant channel selection condi-
tions. Only one participant (P5) had significant acti-
vation the contralateral hemisphere to the affected 
hand during MT whereas all four showed signifi-
cant activation on the ipsilateral hemisphere that 
was contralateral to the hand being moved. P1, P3 
and P5 showed significant contralateral hemisphere 
activation during RMT whereas P2 retained a simi-
lar pattern as MT with only significant activation on 
the ipsilateral hemisphere to the robotic glove for 
RMT. P5 showed almost the same activation on the 
contralateral side for MT and RMT. For RT, P2 and 
P3 showed no significant activation on both con-
tralateral and ipsilateral hemispheres. P1 and P5 had 
activated channels on the contralateral hemisphere 

Fig. 9  Group-level contrast of cortical activation: a Group-level 
contrast between training conditions (MT vs. RMT vs. RT) for each 
group, b Group-level contrast between subject groups (stroke vs. 
healthy). T-test based on mixed effects model was performed, and 
the threshold of significance was set to be p < 0.05. The significant 
channels are highlighted by white silhouette
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for RT, but the magnitude and number of activated 
channels were less than in RMT.

2)	 Laterality

For MT condition, the laterality was biased toward the 
hemisphere contralateral to the hand performing the 
movement (Fig. 11). The stroke group showed significant 
bias to the hemisphere ipsilateral to the robotic glove in 
11 & 42 and 16 & 36 channel-pairs, while, in the healthy 
group, 3 & 47, 5 & 46 and 8 & 39 showed significant bias 
to the same hemisphere. Although not significant, most 
of the channel-pairs (except 4 & 48 of the healthy group) 
in both subject groups resulted in positive laterality 
which is bias to the ipsilateral hemisphere to the robotic 
glove, which was not moving in MT. For RT condition, 
there was no significant bias in the stroke group, while 5 
& 46 channel-pair showed significant bias to contralat-
eral hemisphere to the robotic glove in the healthy group. 

Most of the channel-pairs (except 11 & 42 and 16 & 36 
of healthy group) in both groups showed negative bias 
which is the bias to the contralateral hemisphere. Lastly, 
there was no significantly biased channel pair in RMT in 
either group (Fig.  11) demonstrating balanced cortical 
activation.

Discussion
In this study, we analyzed the neural effect of MT, RT, 
and RMT of the hand from the cortical activation meas-
ured by fNIRS. RMT was able to be conducted with the 
proposed hand rehabilitation system that assists the 
4-DOF movement of the affected hand (dominant hand 
for healthy subjects) with the soft robotic glove accord-
ing to the movement of the unaffected hand (non-domi-
nant hand for healthy subjects) measured with the sensor 
glove. RMT induced larger activation on the contralateral 
motor cortex of the affected hand compared to MT and 
RT. By comparison between subject groups, significantly 
greater activation was observed in the primary motor 
cortex on the contralateral side of stroke subjects com-
pared to healthy only for RMT condition, which may 
indicate that combining motor intension, visual feedback, 
and somatosensory feedback is important for inducing 
greater activation in the motor cortex following a stroke.

Providing sensory feedback with proper modality is 
important for greater activation of the primary motor cor-
tex, which may promote functional recovery. MT provides 
a visual illusion of the movement of the affected hand 
through the reflected image of the unaffected hand, while 
RMT directly provides visual and somatosensory feedback 
of the affected hand. Higher activation was observed on 
the contralateral motor cortex in the condition with both 
visual feedback and somatosensory feedback (RMT, Fig. 8) 
compared to the condition with visual illusion (MT). We 
should note that between-subject variations were observed 
in activation of the contralateral motor cortex. Still, RMT 
condition showed similar or greater neural activation com-
pared to the other conditions (Fig. 10).

The experimental results also emphasize the impor-
tance of motor intention during the therapy. The assisted 
movement is synchronized to the motor intention in 
RMT condition since the movement of the unaffected 
hand induces the movement of the affected hand. In RT 
condition, the affected hand is moved passively with-
out intention. Even though the same sensory feedback 
is induced for the affected hand including visual and 
somatosensory feedback in both conditions, the activa-
tion on the contralateral motor cortex was larger in the 
RMT condition (Fig.  9). This result indicates that syn-
chronization of the sensory feedback and motor inten-
tion is important for enhancing the neural activation in 
the motor cortex.

Fig. 10  Neural activation level ( β1 ) of each patient: The left 
hemisphere, in the figure, represents the contralateral side of the 
affected hand for the stroke group and non-dominant hand for the 
healthy group
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Individuals with chronic stroke have been shown to 
experience interhemispheric imbalance, likely caused by 
failure to release interhemispheric inhibition from the 
intact to the damaged hemisphere before movement exe-
cution [37, 38]. Patients with successful motor rehabili-
tation tend to show improvements in interhemispheric 
balance while patients with poor motor recovery do not 
show significant changes [38, 39]. Therefore, it is impor-
tant to induce balanced interhemispheric brain activa-
tion for actual functional recovery of the affected hand. 
As shown in the cortical activation results in MT condi-
tion the contralateral motor cortex of the affected hand 
shows significantly smaller activation compared to the 
ipsilateral motor cortex (Fig.  11), which could intensify 
interhemispheric imbalance. On the other hand, corti-
cal activation results in RMT condition showed balanced 
activation of the contralateral and ipsilateral motor cor-
tex (Fig.  11). We hypothesize that the balanced cortical 
activation observed in RMT will enhance neural recovery 

compared to the less balanced activation observed in RT 
and MT.

This study is limited to a cross-sectional study observ-
ing the neural effect of RMT. A long-term study should 
be further conducted to compare the neural changes 
and functional improvements by the enlarged and hemi-
spherically balanced neural stimulation on the contralat-
eral motor cortex through RMT.

Conclusions
The proposed hand rehabilitation system allows the user to 
train the affected hand with the actuated soft robotic glove 
by using the movement of the unaffected limb measured by 
the sensor glove. RMT provided with the proposed reha-
bilitation system enabled an increase of the neural activ-
ity of the contralateral motor cortex and induce balanced 
interhemispheric cortical activity during grasping. This 
study shows the importance of considering cortical activa-
tion when designing training protocols with rehabilitation 

Fig. 11  Laterality result for subject groups and task conditions: MT and RT result respectively show ipsilateral and contralateral dominant result, but 
RMT shows balanced activation between ipsilateral and contralateral side of the brain. The contralateral side denotes the hemisphere contralateral 
to the affected hand for the stroke group and the non-dominant hand for the healthy group. It represents the opposite side of the hand with the 
soft robotic glove. The ipsilateral side represents the hemisphere ipsilateral to the affected and non-dominant hand. (Asterisk (*): significant bias 
with p < 0.05)
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robots. While RT inducing passive movements has shown 
similar or smaller functional recovery compared to conven-
tional therapy conducted by occupational therapists [40, 
41], RMT involving the intention of the user in the therapy 
may enhance functional recovery as larger neural stimula-
tion could be provided on the contralateral motor cortex 
(Fig. 8) of the affected hand. RMT by using the proposed 
hand rehabilitation system can be applied for self-reha-
bilitation at home allowing intensive functional training 
that effectively promotes neuroplastic changes through 
enlarged neural activation of the motor cortex.

Authors’ contributions
DK, K-DL, and H-SP conceived the study design. DK prototyped the soft 
robotic glove and hand posture sensors used in this study. DK and K-DL 
carried out the experiment to identify the cortical activation during three 
different types of rehabilitation therapies using functional near-infrared spec‑
troscopy (fNIRS). K-DL conducted analysis of fNIRS data. DK and K-DL drafted 
the manuscript with inputs from all other authors. H-SP and TCB contributed 
to the critical revision of the manuscript. TCB supervised the data analysis 
and statistical analysis. H-SP supervised the study overall. All authors read and 
approved the finalmanuscript.

Funding
This work was supported by the National Research Foundation of Korea(NRF) 
grant funded by the Korea government(MSIT) (No. 2020R1A2C2012641). TCB 
was supported by the intramural research program of the NIH Clinical Center.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study involving human participants was reviewed by the institutional 
review boards of the Korea Advanced Institute of Science and Technology 
(approval code: KH-2018–127). All participants provided written informed 
consent to participate in this study.

Consent for publication
Not applicable.

Competing interests
DK, H-SP are inventors of the patent (KR-10–2034937-0000), registered on 
October 15th, 2019, for the design of the cable-driven soft robotic glove that 
could achieve high-DOF movement of the thumb.

Author details
1 Department of Mechanical Engineering, Korea Advanced Institute of Science 
and Technology, Daejeon 34141, South Korea. 2 Functional and Applied Biome‑
chanics Section, Rehabilitation Medicine Department, Clinical Center, National 
Institutes of Health, Bethesda, MD 20892, USA. 

Received: 16 August 2021   Accepted: 6 January 2022

References
	1.	 Twitchell TE. The restoration of motor function following hemiplegia in 

man. Brain. 1951;74(4):443–80.
	2.	 Kwakkel G, Kollen BJ, van der Grond J, Prevo AJ. Probability of regaining 

dexterity in the flaccid upper limb: The impact of severity of paresis and 
time since onset in acute stroke. Stroke. 2003;34(9):2181–6.

	3.	 Arya KN, Pandian S, Verma R, Garg R. Movement therapy induced neural 
reorganization and motor recovery in stroke: a review. J Bodyw Mov Ther. 
2011;15(4):528–37.

	4.	 Feydy A, et al. Longitudinal study of motor recovery after stroke: recruit‑
ment and focusing of brain activation. Stroke. 2002;33(6):1610–7.

	5.	 Pantano P, et al. Motor recovery after stroke: Morphological and func‑
tional brain alterations. Brain. 1996;119(6):1849–57.

	6.	 Schaechter JD, et al. Increase in sensorimotor cortex response to 
somatosensory stimulation over subacute poststroke period correlates 
with motor recovery in hemiparetic patients. Neurorehabil Neural Repair. 
2012;26(4):325–34.

	7.	 Nelles G, et al. Evolution of functional reorganization in hemiplegic 
stroke: a serial positron emission tomographic activation study. Ann 
Neurol. 1999;46(6):901–9.

	8.	 Carey LM, et al. Evolution of brain activation with good and poor motor 
recovery after stroke Neurorehabil. Neural Repair. 2006;20(1):24–41.

	9.	 Calautti C, Baron JC. Functional neuroimaging studies of motor recovery 
after stroke in adults: a review. Stroke. 2003;34(6):1553–66.

	10.	 Rothgangel AS, Braun SM, Beurskens AJ, Seitz RJ, Wade DT. The clinical 
aspects of mirror therapy in rehabilitation: a systematic review of the 
literature. Int J Reabil Res. 2011;34(1):1–13.

	11.	 Chan BL, Charrow AP, Howard R, Pasquina PF, Heilman KM, Tsao JW. Mirror 
therapy for phantom limb pain. N Engl J Med. 2007;357(21):2206.

	12.	 Rossiter HE, Borrelli MR, Borchert RJ, Bradbury D, Ward NS. Cortical 
mechanisms of mirror therapy after stroke. Neurorehabil Neural Repair. 
2015;29(5):444–52.

	13.	 Michielsen ME, et al. Motor recovery and cortical reorganization after mir‑
ror therapy in chronic stroke patients: a phase II randomized controlled 
trial. Neurorehabil Neural Repair. 2011;25(3):223–33.

	14.	 Fukumura K, Sugawara K, Tanabe S, Ushiba J, Tomita Y. Influence of mirror 
therapy on human motor cortex. Int J Neurosci. 2007;117(7):1039–48.

	15.	 Beom J, et al. Robotic mirror therapy system for functional recovery of 
hemiplegic arms. J Vis Exp. 2016;114:54521.

	16.	 Pu SW, Chang JY. Robotic hand system design for mirror therapy rehabili‑
tation after stroke. Microsyst Technol. 2020;26(1):111–9.

	17.	 Cheng G, et al. Robotic mirror therapy system for lower limb rehabilita‑
tion. Ind Robot. 2020;48(2):221–32.

	18.	 Chang PH, et al. The cortical activation pattern by a rehabilitation robotic 
hand: a fuctional NIRS study. Front Hum Neurosci. 2014;8(49):1–7.

	19.	 Kim H, et al. Effects of digital smart glove system on motor recovery of 
upper extremity in subacute stroke patients. Ann Phys Rehabil Med. 
2017;61:e28.

	20.	 Brunetti M, et al. Potential determinants of efficacy of mirror therapy in 
stroke patients—a pilot study. Restor Neurol Neurosci. 2015;33(4):421–34.

	21.	 Takeda K, et al. Shift of motor activation areas during recovery from hemi‑
paresis after cerebral ingarction: a longitudinal study with near-infrared 
spectroscopy. Neurosci Res. 2007;50(2):136–44.

	22.	 Kim DH, Lee Y, Park HS. Bio-inspired high-degrees of freedom soft robotic 
glove for restoring versatile and comfortable manipulation. Soft Robot. 
2021.

	23.	 Kim DH, Lee SW, Park HS. Development of a biomimetic extensor mecha‑
nism for restoring normal kinematics of finger movements post-stroke. 
IEEE Trans Neural Syst Rehabil Eng. 2019;27(10):2107–17.

	24.	 Voet D, Gratzer WB, Cox RA, Doty P. Absorption spectra of nucleotides, 
polynucleotides, and nucleic acids in the far ultraviolet. Biopolymers. 
1963;1(3):193–208.

	25.	 Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed 
with functional magnetic resonance imaging. Nat Rev Neurosci. 
2007;8(9):700–11.

	26.	 White BR, et al. Resting-state functional connectivity in the human 
brain revealed with diffuse optical tomography. Neuroimage. 
2009;47(1):148–56.

	27.	 Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas DA. A temporal 
comparison of BOLD, ASL, and NIRS hemodynamic responses to motor 
stimuli in adult humans. Neuroimage. 2006;29(2):368–82.

	28.	 Homae F, Watanabe H, Nakano T, Taga G. Prosodic processing in the 
developing brain. Neurosci Res. 2007;59(1):29–39.

	29.	 Niioka K, Uga M, Nagata T, Tokuda T, Dan I, Ochi K. Cerebral hemody‑
namic response during concealment of information about a mock crime: 
application of a general linear model with an adaptive hemodynamic 
response function. Jpn Psychol Res. 2018;60(4):311–26.



Page 14 of 14Kim et al. Journal of NeuroEngineering and Rehabilitation            (2022) 19:8 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	30.	 Naseer N, Hong KS. fNIRS-based brain-computer interfaces: A review. 
Front Hum Neurosci. 2015;9(3):1–15.

	31.	 Klein F, Kranczioch C. Signal processing in fNIRS: a case for the 
removal of systemic activity for single trial data. Front Hum Neurosci. 
2019;13(331):1–23.

	32.	 Penny WD, Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE. Statistical para‑
metric mapping: The analysis of functional brain images : the analysis of 
functional brain images. Elsevier Science & Technology; 2006. p.104–105.

	33.	 Schroeter ML, et al. Towards a standard analysis for functional near-infra‑
red imaging. Neuroimage. 2004;21(1):283–90.

	34.	 Buxton RB, Uludaǧ K, Dubowitz DJ, Liu TT. Modeling the hemodynamic 
response to brain activation. Neuroimage. 2004;23(Suppl. 1):220–33.

	35.	 Nishiyori R, Bisconti S, Ulrich B. Motor cortex activity during functional 
motor skills: an fNIRS study. Brain Topogr. 2016;29(1):42–55.

	36.	 Silva LM, Silva KMS, Lira-Bandeira WG, Costa-Ribeiro AC, Araújo-Neto 
SA. Localizing the primary motor cortex of the hand by the 10–5 and 
10–20 systems for neurostimulation: an MRI study. Clin EEG Neurosci. 
2020;1:1–9.

	37.	 Mayston MJ, Harrison LM, JA Stephens. A neurophysiological study 
of mirror movements in adults and children. Ann Neurol. 1999; 45(5): 
583–594.

	38.	 Calautti C, et al. The relationship between motor deficit and primary 
motor cortex hemispheric activation balance after stroke: longitudinal 
fMRI study. J Neurol Neurosurg Psychiatry. 2010;81(7):788–92.

	39.	 Tang Q, et al. Modulation of interhemispheric activation balance in 
motor-related areas of stroke patients with motor recovery: system‑
atic review and meta-analysis of fMRI studies. Neurosci Biobehab Rev. 
2015;57:392–400.

	40.	 Hornby TG, Campbell DD, Kahn JH, Demott T, Moore JL, Roth HR. 
Enhanced gait-related improvements after therapist-versus robotic-
assisted locomotor training in subjects with chronic stroke: a randomized 
controlled study. Stroke. 2008;39(6):1786–92.

	41.	 Sale P, et al. Recovery of hand function with robot-assisted therapy in 
acute stroke patients: a randomized-controlled trial. Int J Rehabil Res. 
2014;37(3):236–42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Increasing motor cortex activation during grasping via novel robotic mirror hand therapy: a pilot fNIRS study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods and materials
	A. Participants
	B. Experimental apparatus and setup
	Soft robotic glove
	Sensor glove
	Control strategy
	Experimental setup

	C. Experimental procedure
	MT condition
	RT condition
	RMT condition

	D. Data analysis
	1) Data filtering
	2) Significant channel selection
	3) Derivation of Quantitative Index
	a. Activation level (general linear model) 
	b. Laterality 



	Results
	Discussion
	Conclusions
	References


