Effect of Physical Therapy on Muscle Synergy Structure during
Standing-up Motion of Hemiplegic Patients

Hiroki Kogami', Qi An', Ningjia Yang!, Hiroshi Yamakawa', Yusuke Tamura!, Atsushi Yamashita!,
Hajime Asama', Shingo Shimoda?, Hiroshi Yamasaki?, Matti Itkonen?, Fady Shibata-Alnajjar?,
Noriaki Hattori®, Makoto Kinomoto®, Kouji Takahashi®, Takanori Fujii®, Hironori Otomune?, Ichiro Miyai?

Abstract— Stroke patients suffer from declined physical abil-
ity, and it is important to analyze rehabilitation intervention
and clarify its effect. In this study, the effect of intervention
on the standing-up motion of stroke patients is investigated.
First, the intervention timing of a physical therapist (PT)
is analyzed quantitatively from the muscle activity of upper
limbs during therapy. Next, the intervention effect is evaluated
based on body kinematics and muscle synergy. In this study,
standing-up motion of hemiplegic patients (n = 12) is measured
with and without the intervention by a PT. The results show
that PTs teach hemiplegic patients the timing of lifting their
buttocks during standing-up motion. Furthermore, it has been
found that this intervention could improve the standing-up
motion, although stroke patients had inadequate muscle synergy
structure. In particular, some patients had delayed activation
of the synergy and they could only stood up after they moved
their center of mass on their feet. However, the intervention by
PTs could induce earlier activation of the synergy. Moreover,
the intervention could properly shorten the activation duration
of muscle synergy for those who had unusually inappropriate
longer activation of synergy. These results imply that disordered
and inadequate muscle synergy structure can be improved by
proper intervention, and this study contributes to the further
development of new rehabilitation methodologies.

I. INTRODUCTION

Many stroke patients have suffered from declined physical
ability. In this paper, we quantitatively analyze the inter-
vention of physical therapists (PTs) while they help the
patients to stand up. Furthermore, it is evaluated how the
muscle synergy structure is changed due to their intervention.
Recently, there has been an increase in the number of stroke
patients, and several stroke survivors have some degree of
paralysis. This paralysis may decrease motor function and
degrade the quality of life [1]. In addition, social security
expenses could increase. Therefore, it is important to rehabil-
itate such patients and improve the motor function of people
with paralysis.

Various rehabilitation robots have been developed to im-
prove motor function. Horst et al. developed a wearable

1Hiroki Kogami, Ningjia Yang, Qi An, Hiroshi Yamakawa, Yusuke
Tamura, Atsushi Yamashita and Hajime Asama: Department of Precision
Engineering, Graduate School of Engineering of The University of Tokyo,
Tokyo, Japan, kogami@robot.t.u-tokyo.ac. jp

2Hiroshi Yamasaki, Matti Itkonen, Fady Shibata-Alnajjar and Shingo Shi-
moda: Intelligent Behavior Control Unit, BSI-Toyota Collaboration Center,
RIKEN Brain Research Institute, Aichi, Japan

3Noriaki Hattori, Makoto Kinomoto, Kouji Takahashi, Takanori Fujii,
Hironori Otomune and Ichiro Miyai: Neurorehabilitation Research Institute,
Morinomiya Hospital, Osaka, Japan

powered leg orthosis [2]. This device provides assistive
force for knee extension and helps in motion. They showed
that orthosis may help paralyzed people improve motor
function through rehabilitation [3]. Fisher et al. performed
rehabilitation using a machine that helps hemiplegic patients
walk [4]. This machine uses a harness to help patients
walk on a treadmill for rehabilitation. Even though multiple
devices have been introduced, it has become more important
to understand human motor control theory to fully utilize
these devices for effective rehabilitation.

However, the human motion generation mechanism is not
well understood yet. The human body is a redundant system
in that humans control more muscles than the number of
joints. Bernstein proposed the muscle synergy hypothesis
to elucidate how human movements are controlled [5]. Ac-
cording to the hypothesis, humans generate motions using a
limited number of modules (referred to as synergy). Certain
previous studies reported that there were a few synergies
in locomotion [6], arm reaching motion [7], and grasp
motion [8]. Furthermore, other previous studies have shown
that humans controlled each synergy inadequately when
they had motor cortical damage [9] and post-stroke damage
[10]. These previous studies imply that humans may utilize
a smaller number of synergies to control their muscles.
Furthermore, it is suggested that they cannot control each
synergy well after a stroke.

Our research group has focused on the human standing-
up motion since it is an important daily activity. Many
studies about standing-up motion have been reported. Some
previous researches analyzed the standing-up motion of
healthy young and elderly people based on kinematics, center
of mass (CoM), and EMG patterns [11-14]. The data in
these researches are of great value to evaluate standing-
up motion using CoM and EMG. They found that elderly
people tend to move their CoM closer to their feet than
young people do in order to keep their posture more stable
before extending body. We have also discussed the standing-
up motion of elderly and young people by using the muscle
synergy hypothesis. Our previous studies suggested that the
human standing-up motion consists of four synergies [15]
and that different strategies of standing-up motion between
the young and the elderly could be explained by parameter
change of a muscle synergy [16]. Another research studied
the standing-up motion of stroke patients and they found that
the standing-up motion of stroke patients becomes unstable,



because of the weakness of the affected side and loss of
postural control [17]. Our research group intends to explain
changes in the standing-up motion of stroke patients using
the muscle synergy hypothesis. Moreover, it is not yet known
how rehabilitation aims to change this synergy structure and
what effect the change in synergy has.

Although the standing-up motion of a patient is improved
by physical therapy, it has not yet been fully understood
how the intervention by PTs helps in the recovery of a
patient. Figure 1 shows a PT helping a patient with the
standing-up motion at a rehabilitation hospital. The therapist
intervenes on the front side of the distal part of the patient’s
paralyzed side and the rear side of the pelvis by using his/her
upper limbs. A PT intervenes according to the following four
phases of standing-up motion [18].

(i) Bend the upper body forward.

(ii) Lift buttocks off the seat.
(iii)) Extend the knee and lumbar joint.
(iv) Stabilize the posture.

During the standing-up motion of the patient, the PT
pinches the patient’s distal front of the affected thigh and
posterior pelvis for a certain period to help the movement.
In addition, they either pull or push these parts during the
movement. However, their movement has not yet been fully
understood quantitatively. In other words, it is not clear at
which time and in which direction, the PT needs to apply
force to the patients.

Although some previous studies mentioned above, includ-
ing our research, suggested that human movement could
be explained from muscle synergies and that hemiplegic
patients could not control synergies well, it has not been
understood how physical therapy affects the synergy struc-
ture of the patients. Therefore, the objective of this study
is to investigate how the intervention of a PT affects the
muscle synergy structure when hemiplegic patients practice
standing-up motion at a rehabilitation hospital. In this paper,
we first analyze PT intervention on the standing-up motion of
a patient in order to examine the kind of actions performed by
PT. This examination is accounted for in Chapter 2. Next, we
study the influence of intervention by PT on the kinematics
and muscle synergy of the standing-up motion of hemiplegic
patients. This investigation is explained in Chapter 3.

Distal Front of

Paralyzed Thigh Posterior Pelvis |

Fig. 1. Intervention of PT. The PT helps the patient stand up by intervention
on the knee and posterior pelvis of the patient’s affected side.

II. INTERVENTION OF PHYSICAL THERAPIST
A. Quantitative Analysis of Physical Therapy

In order to investigate the effect of PT intervention on
hemiplegic patients, we first analyze how a PT intervenes in
the standing-up motion of a patient. In the physical therapy
for standing-up motion, it is known that PTs intervene on
the thigh and pelvis of the affected side as shown in Fig.
1; however, it is necessary to clarify further when the PT
should intervene on these body parts and in which direction.
In particular, this study measures the surface electromyogram
(EMG) from the upper limbs of the PT and study their
activation timing. In order to avoid disturbance for both PT
and the patient, other sensors such as force gloves are not
used. Although such sensors measure the force between the
PT and patients by attaching a force sensor to PT or patient,
the therapy may be disturbed and its effect is reduced.
Therefore force sensors or pressure sheets are not used.

As PTs use their upper limbs to assist the standing-up
motion of a patient, this study investigates the EMG involved
in the flexion or extension of the shoulder, the flexion or ex-
tension of the elbow, and the flexion or extension of the wrist,
as shown in Fig. 2. The kinematic event of the standing-up
motion is measured simultaneously with the EMG to clarify
the timing of the intervention. In particular, the time at which
the buttocks leaves the sheet is focused, since the charac-
teristics of standing-up motion changes. After the buttocks
leave the seat, the patient’s posture becomes unstable, and the
effect of physical therapy is studied according to this point.
Using this EMG, we analyze the activation timing of the
flexor and extensor muscles during the sit-to-stand motion.

B. Experiment

1) Relationship between EMG of PT and Standing-up
Motion: The EMG of the PT was measured to analyze his
intervention. As a PT uses his/her upper body when assisting
the standing-up motion of hemiplegic patients, the following
seven muscles of the upper body on one side were measured:
the short abductor muscle (AHB), wrist flexor muscle group
(WF), wrist extensor muscle group (WE), biceps brachii
(BIC), triceps brachii (TRI), deltoid muscle front part (AD),
and posterior deltoid muscle (PD). These muscle positions
are shown in Fig. 2. Measurements were taken on the
muscles of both limbs. The EMGs of these muscles were
measured using a wired surface EMG device (S&ME). The

Fig. 2. Measured muscles of the PT. The measured muscles of the PT are
muscles related to the abduction of the thumb and flexion or extension of
the wrist, elbow, and shoulder joints.



surface EMG was filtered with a band-pass filter of 80-
200 Hz and processed according to moving average every
0.3 s. Then, it was normalized and rectified. Normalization
was performed using the maximum value of each muscle
in one trial to evaluate the activation timing. Additionally,
two forceplates were placed beneath the feet and buttocks
of the patient to detect the timing when the buttocks leave
the chair. In the ten trials, analysis was performed using the
motion data for the period between 1.0 s before and 2.0 s
after the hip was lifted from the chair.

2) Subject and General Setup: Two PTs who were ex-
perts with an experience of over 20 years participated in
the experiment. The PTs performed Bobath concept based
intervention in the patient’s standing-up motion ten times.
Twelve hemiplegic patients (ten male and two female, 56.0 &
11.6 years old) participated in the experiment. Nine patients
had paralysis on the left side, and three patients had it on
the right side. The motion functional independence measure
(FIM) score was 76.3 & 8.6 and the Fugl-Meyer (FM) score
was 23.6 4= 6.0. All the participants were able to stand up by
themselves. This study was approved by the Institute Review
Board of The University of Tokyo and Morinomiya Hospital.

C. Results

Figure 3 shows the average muscle activity of the PT
during the intervention on standing-up motion. The solid line
and dashed lines indicate the muscle activity of the arm that
intervenes in the thigh and pelvis, respectively. The muscles
related to the extension of joints that intervene such as WE
(writs extensor), TRI (elbow extensor), and PD (shoulder
extensor) are active in the arm that intervenes in the knees
before the buttocks leave the seat. These muscles contribute
to the extension of the upper limb, which intervenes and pulls
the thigh forward. Afterwards, the AHB (thumb abductor)
and WF (wrist flexor) are activated in the same limb, when
the buttocks leave the seat. This may contribute in pinching
the distal thigh and in pushing the knee to induce extension
of the joint.

In the muscles of the arm that intervenes in the pelvis,
muscle activity, except that for AHB and WE, becomes
maximum as the buttocks leave the seat. This result implies
that the PT co-contracts both the flexor and extensor of
the elbow and shoulder to support the buttocks at the time
of leaving the chair. These results show that the PT first
intervenes on the thigh of the patient to induce forward
movement, subsequently teaches the extension of the knee
and lifting up of the hip at the time of the buttocks leave the
seat.

ITII. EFFECT ON MUSCLE SYNERGY STRUCTURE

The previous chapter showed that PT intervenes on the
patient mainly before and at the time of the buttocks leave
the seat. To investigate the influence of these interventions
by PT on the standing-up motion of hemiplegic patients, this
study analyzes the change in muscle synergy structure with
and without intervention.

A. Method of Assessment of the Standing-up Motion

1) Evaluation of Body Kinematics: The standing-up mo-
tion is evaluated based on kinematics. Previous studies
analyzed the movement of elderly people and reported that
elderly people’s center of mass (CoM) and posture of lifting
the buttocks off a seat were different [12][13]. Elderly people
tend to bend their upper trunk deeper and move their CoM
closer to the feet support area before body extension than
younger people. Therefore, this study also investigates these
characteristics to determine whether the intervention of PT
affects these CoM and posture when the buttocks leave the
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Fig. 3. EMG of the PT. The solid line and dashed lines show the muscle
activity of the arm that intervenes in the thigh or pelvis. The vertical dotted
line at 1.0 s represents the timing of lifting hip from the chair. The extensor
muscles are active and intervenes in the knees before the buttocks leave the
seat. Both flexor and extensor muscles are active in the limb to intervening
pelvis at the time the buttocks leave the seat.



seat.

2) Evaluation of Muscle Synergy Structure: This study
employs the idea of muscle synergy to evaluate the effect of
PT intervention. As reviewed in Chapter 1, it is suggested
that humans use muscle synergies to control the redundant
degree of freedom of muscles. Particularly, our previous stud-
ies [16] showed that four muscle synergies could explain the
human standing-up motion, and the change in its activation
timing explains the different strategies of standing-up motion
including that of the elderly. This study evaluates the synergy
structure of hemiplegic patients and investigates how it is
changed during physical therapy.

In the muscle synergy model, muscle activities are repre-
sented by the linear summation of spatiotemporal patterns,
as given by (1).

M = WC, (1)

where matrices M, W, and C indicate the muscle activity,
spatial patterns, and temporal patterns respectively. Matrix
M contains the muscle activation m;, as given by (2),

mi (tO) mi (tmax)

M= ; 2)

My (to) my (imax)

where m;(t)(to <t < tmax) denotes the activity of the i-th
muscle at time ¢. The spatial pattern matrix W expresses the
relative activity of the muscle and is expressed by (3),

w11
wW=1| : ], 3)

Wn1

Wik

Wnk

where w;; denotes the activity of the i-th muscle in muscle
synergy j. The temporal pattern matrix C expresses the
weighting coefficient of muscle synergy, as given by (4),

C1 (tO) C1 (tmax)

Cn (tO) Cn (tmax)

where c¢;(t) represents the weighting factor of the j-th muscle
synergy at time t.

Figure 4 shows the muscle synergy model when three
muscle synergies constitute the activities of n muscles. The
spatial pattern W shows the relative muscle activation. The
temporal pattern C shows the relative change in weighting
coefficient.

The muscle synergies are extracted from the EMG of sub-
jects using the non-negative matrix factorization algorithm
[19]. Firstly, matrix W is determined randomly. Secondly,
matrix C is obtained using (5). Thirdly, matrix W is solved
using (6). Matrices W and C are determined by repeating
this procedure. This study employs the same number of
muscle synergies (four) as our previous studies [16] to extract
synergies from the patients.
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Fig. 4. Muscle Synergy Model. (a) Spatial patterns (w1,2,3). It shows the
activation of related muscles. (b) Temporal patterns (c1,2,3). It shows the
weighting coefficient. (c) Muscle activation (gray part). The red, blue, and
green lines show the muscle activation made from muscle synergies 1, 2,
and 3 respectively.
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Fig. 5. Measured muscles of the patient. Fifteen muscles related to the
standing-up motion such as flexion or extension of the lumbar, hip, knee,
and ankle joints are measured.

An et al. showed that four synergies of standing-up motion
correspond to the phases of the motion [15]. The synergies
mainly contribute to the following motions: bending the
upper body (synergy 1), rising the hip from a chair to move
forward (synergy 2), whole body extension (synergy 3), and
posture stabilization (synergy 4). Among these synergies,
synergy 2 is considered to be important because it controls
the time the buttocks leave the seat and how far the person
moves forward afterwards. Our previous study [16] showed
that the characteristic difference between the young and the
elderly could be found in this synergy. It has been shown that
the muscle synergy 2 is activated later in the elderly. This
causes them to move their CoM closer to feet support area
and to stand up in a more stable manner than young people
do. Moreover, the analysis of PT intervention in Chapter 2
showed that the PT mainly intervenes with the patient at this
time. Therefore, this study mainly focuses on synergy 2 to
evaluate the effect of PT intervention.

In order to evaluate the change in synergy 2, we first
investigate its peak time. As reported in the previous work



[16], delayed activation of muscle synergy 2 generates the
stabilization strategy, which is mostly employed by the
elderly to first move their CoM towards their feet and then lift
up body. On the other hand, young people tend to utilize the
momentum generated from bending the upper body to stand
up directly. Using these findings, the effect of PT intervention
is evaluated to find out if physical therapy improves the
standing-up motion of hemiplegic patients.

Furthermore, the activation duration of synergy 2 is eval-
uated in this study. A previous work [10] investigated the
muscle synergy structure of human locomotion in post-
stroke survivors. The same number of muscle synergies
were extracted from locomotion of stroke patients as healthy
subjects and their spatiotemporal structure was compared.
Despite similar spatial patterns, they have found that tempo-
ral patterns have overlapped activation among synergies of
stroke survivors; this results in the merging of synergies.
Accordingly, we use the same methodology as previous
work [10] to investigate the synergy structure of the patient
during standing-up motion. In order to confirm this, VAF is
calculated both for stroke patients and healthy elderly people.
To evaluate activity duration, it is considered that a synergy
is active if the activation level of the temporal patterns of
the synergy exceeds its threshold.

In addition, to investigate the effect of PT intervention
between two conditions with/without PT intervention, we
evaluate whether the intervened motion approaches that
of the healthy population. Therefore, the muscle synergy
structure of the patient is compared to that of age-matched
healthy elderly population as well.

B. Experiment

1) Evaluation of the Exercise and Muscle Synergy: This
study investigates the changes in the standing-up motion
of patients due to the intervention by PTs to evaluate its
effect on the body kinematics and muscle synergy of patients.
In order to investigate body kinematics, CoM is calculated
based on the body trajectory. A motion capture system
(Motion Analysis. Corp.) was used to measure the motion
of the body at 100 Hz. Twenty-two optical body coordinates
were measured based on the Helen-Hayes marker set. The
body trajectory was filtered using a low pass filter at 6 Hz.
The CoM was calculated using SIMM (Musculographics,
Inc).

Furthermore, the surface EMG was measured at 2,000 Hz
to evaluate the muscle synergy structure. Fifteen muscles
on the affected side of each patient were measured. These
muscles were related to either the flexion or extension of
the lumbar, hip, knee, and ankle joints: rectus abdominis
(RA), erector spinae (ES), abdominal external oblique (EO),
gluteus maximus (GMA), gluteus medius (GMD), rectus
femoris (RF), vastus medialis (VM), vastus lateralis (VL),
biceps femoris long head (BFL), semimembranosus (SEM),
tibialis anterior (TA), gastrocnemius medialis (GAM), gas-
trocnemius lateralis (GAL), peroneus longus (PER) and
soleus (SOL). These muscle positions are shown in Fig. 5.
The surface EMG device (Cometa Corp.) measured the

muscle activities of the hemiplegic patients. The surface
EMG was filtered with a band-pass filter of 80-200 Hz
and processed according to the moving average every 0.3 s.
Then, the EMG was normalized in the same manner as
the surface EMG was obtained from the PT. Similarly, the
surface EMG and body coordinates of healthy elderly people
were measured using the same devices.

2) Subject and General Setup: The same hemiplegic
patients who participated in the experiment described in
Chapter 2 participated in this experiment also. For comparing
the two conditions with/without intervention, the same two
therapists participated in this experiment as well. In addition,
eight healthy elderly people (8 males, 64.4 £ 3.3 years old)
participated in this experiment.

The height of the chair was set to 0.4 m. The patients
and the healthy elderly people were asked to stand without
using their arms. Ten trials were conducted, in which the
participants stood up on their own (referred to as without
therapist), and ten trials were conducted with intervention by
the PT (referred to as with therapist). In 20 trials, analysis
was performed using the motion data of 1.0 s before the
hip left the chair and 2.0 s after the hip left the chair. The
informed consent was obtained from all the participants.
This study was approved by the Institute Review Board of
Morinomiya Hospital.

C. Results

1) Assessment in terms of the Kinematics: Figure 6 (a)
shows the trajectory of the average CoM of the patients. The
dashed and solid lines indicate the trajectory of the CoM
when the patients stood up without and with intervention
by the PT, respectively. The solid line with marker indicates
the trajectory of the CoM of the healthy elderly people. The
figure shows that without intervention, the patients stretch
the upper body after getting the CoM closer to the foot,
so that they become stable and do not fall from the chair.
However, the movement of the CoM of the patients tends
to move upward earlier in the case of intervention, and the
trajectory of the CoM of the patients resembles that of the
elderly people.

Figure 6 (b) shows the posture of a patient when the but-
tocks leave the seat. The dashed and solid lines represent the
cases without and with intervention by the PT, respectively.
The figure shows that the posture changes when the buttocks
leave the seat, and the patient does not bend the upper body
forward considerably when the therapist intervenes. These
results indicate that body kinematics of a patient became
closer to that of the elderly when a PT intervenes with them.

2) Assessment in terms of the Muscle Synergy: The mus-
cle synergy was calculated for each subject when there was
no intervention and when there was intervention. When the
number of synergies is four, values of VAF were 89.4 +
2.0% in heatlhy elderly people and 93.0 + 2.2% in stroke
patients respectively. Therefore, we decided four synergies
are necessary in standing-up motion of stroke patients. The
average spatial pattern of the muscle synergy in patients
is shown in Figs. 7 (a)-(d). It shows that there is no
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deviation of CoM trajectories for vertical and horizontal directions. The
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intervention by PT respectively. (b) shows that the CoM trajectory of
patient turns upward owing to intervention by the physical therapist and it
approaches healthy elderly people trajectory (green solid line with circles).
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of the patient changes when buttocks leave the seat. With PT intervention,
the patient does not bend the upper body as much as the patient does without
PT intervention. This implies that the patients tend to move upward earlier
with the PT assist.

big difference between the patients and the healthy elderly
people in terms of the spatial pattern.

On the other hand, it was found that there are mainly
two different effects of the intervention by PTs on temporal
pattern on muscle synergies shown in Figs. 7 (e)-(1). The first
type is the group whose muscle synergy 2 was activated later
than that of the healthy elderly when they did not receive
intervention. There are six people in that group among the
twelve patients.

Figures 7 (e)-(h) show an example of muscle synergy tem-
poral patterns of synergies 1-4 from this group of patients. In
the figures, blue dashed lines, red solid lines and green lines
with circles indicate time-varying weighting coefficients of
synergies from the patient without intervention, the patient
with intervention and the healthy elderly people, respectively.
From these results, it can be seen that hemiplegic patients
have delayed activation of muscle synergy 2 compared to
that of the elderly. However, it implies that the activation

timing of synergy 2 became earlier when the patient received
physical therapy (Fig. 7 (f)).

Similarly, Figs. 7 (i)-(1) represents an example from the
other group. It was found that for the patient from this group,
the activation of muscle synergy 2 could not be distinguished
from that of synergy 3. In other words, the activation duration
of synergy 2 was longer for the patient without physical
therapy (the dashed blue line in Figs. 7 (j) and (k)). On
the contrary, the solid red line in Figs. 7 (j) and (k) shows
that muscle synergy 2 was activated separately from synergy
3 when there was intervention by the PT. Although the
activation peak time is still later compared to that of the
healthy elderly, the activation duration time became closer
to that of the healthy elderly people.

Figure 8 (a) shows the average change in peak time
between the patients with and without PT intervention from
the group in which synergy 2 was activated later (group
shown in Figs. 7 (e)-(h)). Figure 9 (b) shows the average
change in activation duration time in the patients who are
included in the group in which activation duration became
longer when they did not receive PT intervention (group
shown in Fig. 7 (i)-(1)). On averaging the peak times of
60 trials of six subjects, the value when there was no
intervention by PT was 1.28 4+ 0.20 s, and when there was
intervention, it was 1.16 = 0.12 s. On performing t-test on
these data, it was found that there is a significant difference
between when there was no intervention and when there
was intervention (p < 0.05). The bar graph in Fig. 8 (b)
compares the duration for which synergy 2 is active in the
group whose graph of synergy 2 are shaped more sharply.
Similar to the previous group, when the peak times of 60
trials of six subjects, the value when there was no physical
therapist ’s intervention was 1.11 4+ 0.59 s, and when there
was intervention, it was 0.87 4= 0.43 s. Performing t-test on
these data, there are a significant difference between when
there was no intervention and when there was (p < 0.05),
when comparing 60 trials of six subjects. From these results,
it can be implied that PT intervention could significantly
improve the activation time of muscle synergy 2.

IV. DISCUSSION

This study analyzed the PT intervention using muscle
activity of their upper limbs while they intervened with
the patients. The results show that they mainly pull the
thigh of the affected side before the buttocks leave the
chair. Afterwards, the PT switched the movement of patient’s
CoM from forward to upward by extending the knee and
supporting the pelvis of the patients. These interventions
resulted in different CoM trajectories and body posture as
shown in Fig. 6. Furthermore, the PT assists the patient to
lift the buttocks using not only the flexor muscles of the
elbow and shoulder joint but also the extensor muscles. This
stabilizes the upper limbs of the PT and helps to move the
center of gravity of the patient upward.

Interestingly, this intervention resulted in change in the
muscle synergy structure. In this study, it has been found that
the activity of synergy 2 is delayed as well, as reported in
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Fig. 8. Change in temporal pattern of synergy 2. (a) shows that there is a
significant difference in the peak time of synergy 2. (b) shows that there is
a significant difference in the active duration time of synergy 2.

the elderly standing-up motion [16]. However, synergy 2 was
found to be more delayed in hemiplegic patients than that
in the elderly when their temporal patterns were compared,
as shown in Figs. 7 (f) and (j). This implies that hemiplegic
patients tend to leave a chair later than the elderly, and they
move their CoM closer to feet in order to avoid falling. When
a PT intervenes with these patients, the synergy is activated
significantly earlier than that without PT. Considering the

actions performed on the patient by a PT, this could be
caused by teaching the timing of extending the knee joint and
pelvis at the time the buttocks leave the seat. The PT could
successfully teach the patient to start the upward movement
only by intervening in the thigh and pelvis.

On the other hand, the patients in the other group showed
the same phenomenon that was reported in a previous
study [10], where stroke patients could not activate muscle
synergies separately for the locomotion task. Although the
patients performed the standing-up motion rather than human
locomotion, they could not start and finish each synergy
in proper time, and this resulted in merging of several
synergies. However, these phenomena could be improved
by PT intervention to adjust synergy 2 activity adequately.
Similar to the former group, the PT intervenes with the
patients to help them notice the correct time at which their
buttocks should leave the seat.

The difference among two groups exist in severity of
standing-up motion. Particularly, the patients in the group of
longer synergy 2 has significantly longer dorxiflexion of the
ankle joint than the patients in the group of delayed synergy
2. This phenomenon implies that the patients in the group of
longer synergy 2 more dorsiflexed the ankle joint to move
their body and CoM closer to feet support area after the



time of hip rise. In other words, the patients with longer
synergy 2 need more posture stabilization than the other
group before extending their body upward. These two groups
may reflect different type of compensative strategies that
hemiplegic patients can use for standing-up. This difference
could be utilized to classify patients into groups and enable
clinicians to estimate their future recovery process.

These improvement accompanied with PT intervention
emphasizes the importance of correcting the posture and
encouraging patients to activate muscle synergies with proper
timing. This finding implies the possibility that adding a
small force at the proper time could improve muscle syn-
ergy activation. However, further analysis and study will be
necessary to investigate the mechanism of this improvement.

Another interesting finding is that there is no large differ-
ence in spatial pattern between the healthy elderly and the
hemiplegic patients. This implies that the module structure
of muscle synergy remains even after the stroke occurs. It
may be because the module structure exists in the spinal
cord as suggested by Takei et al [20] and this structure was
not damaged due to stroke. The stroke survivors have less
ability to properly plan the motion; however, they still have
a modular organization to move several joints. When a PT
intervenes with the patients, the patients could again use the
sensory input to control their synergies.

These results may contribute to the evaluation of the
recovery process during a patient’s rehabilitation and the
evaluation of PT intervention. It is important to evaluate
the standing-up motion of hemiplegic patients in order to
perform efficient rehabilitation. Furthermore, this knowledge
could be applied to develop assistive or rehabilitation devices
for hemiplegic patients. At present, the intervention from PTs
is limited to the distal part of the thigh and posterior pelvis,
and if the future device can stimulate these body parts similar
to the way it is done by a PT, this could possibly improve
body function. One of our future studies is to investigate the
influence of PT intervention for a longer period. This study
mainly investigates immediate effects; however, in order to
conduct effective rehabilitation, it is necessary to investigate
the effect of PT intervention for a longer duration.

V. CONCLUSIONS

In this study, intervention of PTs was analyzed while they
helped hemiplegic patients to stand up. It was found that a
PT mainly intervenes in the distal thigh and pelvis before
the patient lifts the buttocks off a seat. Moreover, it was
found that these interventions could improve the standing-
up motion of hemiplegic patients. These patient could either
activate a particular synergy earlier to move upward or they
could shorten the activation duration of synergy 2 properly.
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