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Abstract— It is important to understand the mechanism of
human standing-up motion to improve the declined physical
ability of the elderly people. This study employs the concept
of muscle synergies (modular structure of coordinative muscle
activation) to understand how humans coordinate their mus-
cles to achieve the standing-up motion. Neuro-musculoskeletal
model was developed to represent human body to generate
standing-up motion. Using the developed model, forward dy-
namic simulation was used to analyze how humans utilized the
muscle synergies to realize the motion. Results showed that
the developed model could generate the standing-up motion
with four muscle synergies rather than controlling individual
muscles. Moreover, further analysis showed that three different
strategies of the standing-up motion could be generated only
by changing the start time of the particular muscle synergy.

I. I NTRODUCTION

The aging society has brought serious healthcare issues;
such as increased social security cost, mental and physical
stress to caregivers, and declined physical ability. In order
to improve the situation and quality of life of the elderly,
standing-up motion is focused. Human standing-up motion
is an important which many daily activities follow after that.

In robotic research, many devices have been developed
to assist the standing-up motion. For example, our research
group previously developed the assistive system which was
composed of a bed and a bar to lead human body to the
desired trajectory [1]. Another device is a chair type to
utilize the gravitational force to lift up the hip of the users
to achieve the standing-up motion [2]. Different from these
devices, robotic exoskeleton devices have been also proposed
to detect human intention of standing-up motion and to
generate compensative torque on their joints [3].

In order to fully utilize these devices, it is important
to understand the mechanism of how humans realize the
standing-up motion. Considering human behavior, their body
is redundant system that there are more muscles to be
controlled than the number of joints. In order to clarify how
humans coordinate their redundant numbers of muscles, the
concept of muscle synergy is employed. Muscle synergy has
been firstly proposed by Bernstein [4] to suggest that humans
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movement could be generated from the limited number of
modules (called synergy) although human movements were
varied. In the previous studies regarding the muscle synergies
[5][6], they collected data of human behaviour and to show
that variant human movements could be explained by the
small number of muscle synergies. However, these studies
could not clarify how each synergy contributed to the success
of the motion since they especially focus on the controlled
and succeed trials. In fact, it is difficult to observe failed
human motion due to ethical and safety issues. In order
to overcome this problem, we develop the human neuro-
musculoskeletal model and employ the simulation method-
ology to understand how the muscle synergy affects the
movement. If the model could emulate human behavior, it
would be useful to understand the mechanism of the motion.
Therefore the objective is firstly to show that the developed
model could generate the standing-up motion similar to
humans. Next, we show that human standing-up motion is
changed according to the muscle synergy.

II. N EURO-MUSCULOSKELETAL SYSTEM

Figure 1 shows a schematic diagram of the developed
neuro-musculoskeletal model. It is composed of three com-
ponents: nervous system, skeletal model, and muscle model.
Nervous system has two components: muscle synergy and
postural control. Muscle synergy generates muscle activation
M and postural control generates joint torqueTfb to stabilize
the body posture. When muscle model receives muscle
activationM, it calculates joint torqueTmus. Dynamics of
muscle property is also taken into account by considering
body postureΘ and Θ̇. Joint torqueTjnt is calculated
from summation ofTmus andTfb. Skeletal model calculates
body kinematics when it receives joint torqueTjnt. Detailed
description of each component is explained below.
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Fig. 1. Developed Nuero-musculoskeletal System. Nervous system gen-
erates muscle activationM and postural stabilizing torqueTfb. Muscle
model generates joint torqueTmus from muscle activation and dynamics
of muscle property considering body posture. Skeletal model calculates body
kinematicsΘ and Θ̇ from joint torqueTmus andTfb.



A. Skeletal Model

This study divided human body into four segments such
as thigh, shank, pelvis, and HAT (head, arm and trunk) as
in Fig. 2 (a). Joint angleθk=1,2,3,4 respectively indicates the
angle from the distant segment for ankle, knee, hip, and trunk
joints. Skeletal model calculates body kinematics from the
following equation of motion.

I(Θ)Θ̈ + h(Θ, Θ̇) + g(Θ) +D(Θ, Θ̇) = Tjnt +Φ(Θ, Θ̇), (1)

whereI(Θ), h(Θ, Θ̇), andg(Θ) indicate matrices of inertia,
non-linear force, and gravitation terms respectively.D(Θ, Θ̇)
has an elementdk to represent resistant force exerted on each
joint as in eq. (2). According to the anatomical knowledge,
each joint receives resistant force based on joint angles for
the ankle, knee, and hip joints and angular velocities for the
trunk when humans move their joints [7][8].

D(Θ, Θ̇) =


dkθ̇k when k = 1, 2, 3

dextk θk when k = 4, θk > 0.0314 .

dflexk θk when k = 4, θk < −0.0314

(2)

Additionally, Φ(Θ, Θ̇) represents vertical and horizontal re-
action force which is applied to the hip joint with kinetic and
elastic elements when the hip joint is lower than the chair
heightH. In the eq. (1),Tjnt indicates joint torque which
is generated from muscle model and postural control.

B. Muscle Model

The muscle model generates joint torqueTmus. In this
study, 12 muscles were considered including mono- and bi-
articular muscles in both upper trunk and lower limbs as in
Fig. 2 (b): tibialis anterior (TA), soleus (SOL), gastrocnemius
(GAS), rectus femoris (RF), vastus lateralis (VAS), biceps
femoris long head (BFL), biceps femoris short head (BFS),
gluteus maximus (GMA), iliopsoas (IL), recutus abdominis
(RA), elector spine (ES), and latissimus dorsi (LD).

In order to calculate the muscular tension, hill type muscle
model is employed [9]. Muscular tensionFi is obtained from
two components (eq. (4)): contractile element (CE) generates
muscular tensionFCE

i actively and parallel element (PE)
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Fig. 2. Musculoskeletal Model. (a) Skeletal Model. Human body is divided
into four parts: shank, thigh, pelvis and HAT (head, arm and trunk). Kinetic
and damping elements are used to express floor model. (b) Muscle Model.
Twelve muscles are considered including bi-articular muscles. Hill type
muscle model is used to represent muscles.

generates tensionFPE
i passively when it is extended. Joint

torque of each jointτk is calculated from multiplication of
moment armrki and muscular tensionFi. rki is the moment
arm of musclei to the joint k. rki is zero if the musclei
does not attach the jointk, and it is either positive or negative
value depending on the contribution of each muscle (flexor or
extensor). Force generated from CE in musclei is calculate
from eq. (5). In the equation,Fmax

i is maximum contraction
force and it is determined from anatomical data. Also,
muscular dynamic property is considered as muscle force-
length relationship (ffl) and force-velocity relationship (ffv)
as in eqs. (6–7) [10][11]. In the equations,l̃i is normalized
muscular length and it is calculated by muscular lengthli
divided by optimal length of each muscleloi . Muscle length
is determined from moment armrki and joint angleθk [12].
Also, ṽi is normalized muscular contraction velocity which
is obtained from muscular velocity divided by ten times of
muscle optimal length. Force generated in PE is calculated
from eq. (8); it generates muscular force only when it is
extended from the optimal length [13].

τk =
∑4

k=1

∑12
i=1 rkiFi, (3)

Fi = FCE
i + FPE

i , (4)

FCE
i = Fmax

i fflffvmi, (5)

ffl = exp(−(l̃i − 1)2), (6)

ffv = 1+ tanh(ṽi), (7)

FPE
i =


0 l̃i < 1.0

Fmax
i

e10(l̃i−1)

e5 1.0 ≤ l̃i ≤ 1.5 .

Fmax
i 1.5 < l̃i

(8)

C. Nervous System

1) Muscle Synergy Model:In this study, muscle activation
is expressed as a linear summation of spatial and temporal
patterns of muscle synergies as in eq. (9).

M = WC, (9)

M =


m1(t)
m2(t)

...
mn(t)

 =

m1(1) · · · m1(Tmax)
...

. . .
...

mn(1) · · · mn(Tmax)

 , (10)

W = (w1 · · ·wN ) =

w11 · · · w1N

...
. . .

...
wn1 · · · wnN

 , (11)

C =


c1(t)
c2(t)

...
cN (t)

 =

 c1(1) · · · c1(Tmax)
...

.. .
...

cN (1) · · · cN (Tmax)

 . (12)

In eq. (10),M is muscle activation matrix in which each
row mj=1,2,··· ,N expresses excitation level ofn different
muscles at timet (1 ≤ t ≤ Tmax).Matrices W and C
show spatial and temporal patterns of muscle synergy model.
Spatial patternW defines relative excitation level of muscles
in muscle synergies. Its columnwj shows the vector to
representN different spatial patterns (eq. (11)). On the other
hand, matrixC indicates temporal patterns of muscle synergy
model (eq. (12)). Each row shows time-varying weighting
coefficientcj to scale the amplitude of spatial patternwj .



Figure 3 shows a schematic design of muscle synergy
model. It assumes thatn muscle activation is generated from
three muscle synergies. Figure 5 (a) illustrates spatial patterns
of muscle synergies (w1,2,3) and it determines fixed excita-
tion level of muscles. On the other hand, the corresponded
temporal patternsc1,2,3 define a time-varying scaling coef-
ficient of each synergy (Fig. 3 (b)). In Fig. 5 (c), blue, red,
and green dashed lines respectively show muscle activation
which is generated from each muscle synergy. Gray area
shows the summation of these activationm1,2,3,··· ,n.

2) Postural Control:Postural control stabilize the posture
of the skeletal model. In this study, PD control is used to
calculate the postural stabilization torque as in eqs. (13–14).
In the equation,∆q and ∆q̇ indicate difference between
reference joint angle (angular velocity) and that of the
skeletal model. Reference joint angle is calculated from the
horizontal direction.Kq

P, Kq
D, andKq̇

D are coefficients for
PD control. The nervous transmission delay time is also taken
into account asλ. In order to limit the effect of postural
control on body kinematics, the range of joint torque is set
to be betweenτmin

fb andτmax
fb .

Tfb = Kq
P∆q(t) +Kq

Dd∆q(t) +Kq̇
Dd∆q̇(t), (13)

∆x(t) = x̂(t− λ)− x(t− λ). (14)

III. F ORWARD DYNAMIC SIMULATION

In this study, forward dynamic simulation is conducted
to calculate how body kinematics is generated from the
developed muscle synergy model. Firstly, spatiotemporal
patterns of muscle synergy need to be decided. To begin with,
inverse dynamics is used to obtain joint torques during the
standing-up motion. Next, muscle activation is determined in
order to successfully generate the necessary muscular tension
for the standing-up motion. However, muscle activation
cannot be calculated exclusively since some muscles are
bi-articular muscles (GAS, RF, and BFL) and one of the
muscles (IL) cannot be measured due to the inner muscle.
In this study, optimization methodology is used to calculate
muscle activationmi to minimize the following squared error
z in eq. (15) under the constraints which muscle activation
mi can generate the necessary joint torques to achieve
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(a) Spatial Pattern (b) Temporal Pattern (c) Muscle Activation

Fig. 3. Muscle Synergy Model. (a) shows spatial patterns (w1,2,3) which
indicates relative excitation level of each muscle. (b) shows temporal pat-
terns (c1,2,3) to define time-varying weighting coefficient of corresponded
muscle synergies. (c) shows time-varying activation forn muscles (gray
part). Red, blue, and green dashed lines show generated activation from
muscle synergies 1, 2, and 3 respectively.

the motion. In the equation,m′
i is the muscle activation

measured from a human subject.

z =
∑n

i=1
1
2 ||mi −m′

i||2. (15)

Spatiotemporal patterns of muscle synergies are calculated
from muscle activationm using non-negative matrix fac-
torization algorithm [14]. In order to decide the number of
muscle synergies, one-factor analysis of variance (ANOVA)
is employed to evaluate the effect of the number of muscle
synergies on the performance to represent observed muscle
activation. When there is a statistical significance, a post-hoc
test was applied to the neighbouring number of synergies.
In this study, temporal patterns of muscle synergies are
expressed as a trapezoid wave in order to avoid the effect
of artifact and noise of surface electromyography.

Forward dynamic simulation is used for calculating body
kinematics. Firstly, initial posture is given to the developed
model. Next, temporal patterncj(t) is input to the muscle
synergy model to generate muscle activationm(t) by mul-
tiplication of spatial patternwj . When the muscle model
receives muscle activationm(t), it generates joint torque
Tjnt. At last, the skeletal model calculates body kinematics
Θ and Θ̇ from joint torqueTjnt and postural stabilizing
torqueTfb. For numerical calculation, fourth order Runge-
Kutta method is employed with time interval 1 ms, and it is
calculated using MATLAB.

A. Effect of Muscle Synergy Start Time

From the previous study [5], it is known that temporal
patterns of muscle synergy were varied in their amplitude
and peak time. In this study, we especially focus on how
the start times of the muscle synergy affects the standing-up
motion. Using the developed neuro-musculoskeletal model,
it is evaluated how individual muscle synergy contribute to
the achievement of the standing-up motion. In this study,
especially start time of the muscle synergy is focused.

m(t) =
∑N

j=1 wjcj(t− δj). (16)

In order to assess how the different start time of muscle
synergies affect the human standing-up motion, the hori-
zontal and vertical center of mass (CoM) positions were
evaluated. If there is a CoM position which vertical position
is above the height thresholdη and horizontal position is on
the feet support area, it is considered as the model realizes the
standing-up motion. Otherwise, it is assessed as the model
can not generate the movement; it results in falling either
forward or backward (when the horizontal CoM position is
not on the feet), or unable to lift up the body (when the
vertical CoM position is below the height thresholdη).

B. Empirical Experiment with Human

In this study, measurement experiment was conducted in
order to validate the results of the simulation and to decide
some of the parameters for the forward dynamic simulation.
One healthy young male participated (27 years, 1.77 m,
80 kg) at our experiment. During the experiment, body



kinematics was measured in 200 Hz by optical motion cap-
ture system with eight cameras (MAC3D; Motion Analysis
Corp.). Floor reaction force was measured in 64 Hz from
the hip and the feet with two forceplates. Muscle activation
was recorded in 1,000 Hz with the surface electromyography
sensors (DL-141; S&ME Corp.).

The chair height was set to the knee height of the subject.
At the beginning of the experiment, the subject was asked
to have their arm crossed in front of their chest. Also, his
shank was put vertically to the ground. Motion speed of the
standing-up was not controlled clearly, and the subject was
asked to stand up in the comfortable speed. In total, 17 trials
of the standing-up motion were recorded, and all the trials
of the motion were normalized according to the time of hip
rising. 1.0 s before and 1.0 s after the time was used. All
the data is filtered with second order butter worth low-pass
filter in 10, 25, and 25 Hz respectively for body kinematics,
reaction force, and muscle activation. This experiment was
conducted with approval by the Institute Review Board (IRB)
of The University of Tokyo.

IV. RESULTS

A. Muscle Synergy

Figure 4 shows how the coefficient of determination
changed according to the number of muscle synergies. It
shows that statistical significance increased until four muscle
synergies, and adding more synergies did not increase the
performance of synergies. In addition, it shows that four
muscle synergies could account for more than 95% of
measured muscle activation which was the criterion threshold
of the previous study [15]. Therefore, in this study, the
number of muscle synergies was decided as four.

Figure 5 shows spatiotemporal patterns of muscle syn-
ergies which are used for the forward dynamic simulation.
Figure 5 (a) shows spatial patterns of muscle synergies.
Blue, red, green, and black bars respectively show relative
excitation level of muscles including in muscle synergies 1,
2, 3, and 4. Each synergy had particular contribution toward
body kinematics according to the anatomical knowledge.
Muscle synergy 1 mostly activated RA which flexed the up-
per trunk to generate momentum necessary for the standing-
up motion. Muscle synergy 2 activated TA which dorsiflexed
ankle joint to move the center of mass (CoM) forward.
Muscle synergy 3 mainly activated VAS (knee extensor)

*

0.4

0.6

0.8

1.0

1 2 3 4 5 6 7 8 9 10 11

Number of Muscle Synergy

* *

C
o

ef
fi

ci
en

t 
o

f 
D

et
er

m
in

at
io

n

Fig. 4. Coefficient of Determination. Above figure shows how the
coefficient of determination is changed according to the number of muscle
synergies. It shows that statistical significance increased until four muscle
synergies. Additionally it shows that four muscle synergies could account
for more than 95% of muscle activation.

and ES (trunk extensor) to extend the whole body to move
the CoM upward. Muscle synergy 4 activated SOL (ankle
plantarflexion) to decelerate CoM movement.

B. Generated Movement

Kinetic and elastic coefficients were set to be 10,000
kg/s2 and 300kg/s for the vertical direction, and elastic
coefficient was set to be 400kg/s for the horizontal direction.
Chair heightH was set to be 0.555 m. Proportional and
derivative gains for PD control were set as follows:Kq

P =
[250, 350, 80, 400], Kq

D = [33500, 43500, 1570, 41000], and
Kq̇

D = [1500, 1000, 70, 2500]. The same parameters of body
segment and muscles are used as the previous study [16].
Nervous transmission delay timeλ was set to be 100 ms.
Maximum and minimum joint torques to stabilize posture
(τmin

fb andτmax
fb ) were set to be -50 and 50 Nm.

Figure 6 shows generated torques from muscle synergy
(Tjnt: solid lines) and postural control (Tfb: dashed lines):
(a) ankle, (b) knee, (c) hip, and (d) trunk. These results
show that the joint torques were mainly generated from four
muscle synergies rather than postural control.

Figure 7 shows generated movement of standing-up mo-
tion from the forward dynamic simulation. Figure 7 (a) shows
comparison of joint angles between measured (dashed lines)
and simulated angles (solid lines): red, blue, green, and black
lines respectively indicate ankle, knee, hip, and trunk joints.
Figures 7 (b–c) show comparison of floor reaction force be-
tween simulation (solid line) and measurement (dashed line)
for hip and foot joints: blue and red lines show floor reaction
force in the vertical and horizontal directions. Although the
foot joint is fixed in the proposed model, foot reaction force
was calculated using a method of Lagrange multiplier. Our
simulation results showed that four muscle synergies could
successfully generate human standing-up motion.
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Fig. 5. Spatiotemporal Pattern of Muscle Synergy. (a) Spatial Pattern.
Above bars show relative excitation level of muscles. Each synergy has
characteristic muscle activation. (b) Temporal Pattern. Each muscle synergy
is activated in clear order from muscle synergies 1 to 4.



C. Different Strategy of Standing-up Motion

In this study, the effect of the muscle synergy 3 was
especially focused. Spatial patterns of the muscle synergy 3
showed that it mainly extended the knee and trunk joints
to move CoM upward. Therefore the muscle synergy 3 is
regarded as important to change the posture from sitting to
standing. Using the developed model, it is evaluated how
the standing-up motion is affected by the muscle synergy 3.
Figure 8 shows how body kinematics were changed. X and y
axes respectively show time series of horizontal and vertical
CoM positions. Feet support area was shown in gray area of
the graph and it was decided from -0.1 m to 0.2 m when
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Fig. 6. Generated Joint Torque from Muscle Synergy and Postural Control.
(a)–(d) show ankle, knee, hip, and trunk joint torques respectively.
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Fig. 7. Generated Standing-up Motion. (a) Joint Angle. It shows compar-
ison between simulated kinematics (solid line) and measured one (dashed
line). (b-c) Floor Reaction Force for Hip and Foot. It shows comparison
between simulated floor reaction force and measured one for hip and foot.

the ankle position was set to be the origin (0.0 m). Also,
the height thresholdη was set to be 1.0 m. In the simulation
procedure, only the start time of the muscle synergy 3 was
changed from -100 ms to 100 ms with an interval of 50 ms
and other parameters were remained the same. The models
started from left bottom of the graph (described as “Sitting”)
to the right top (described as “Standing”). In Fig. 8 (a),the
CoM trajectories are shown: green, blue, black, red, and gray
lines show trajectories generated respectively from different
start times (δ3 = −100,−50, 0, 50, 100 ms).

When the muscle synergy 3 started earlier (i.e.δ3 is
smaller), the models started moving upward earlier. However,
the model could not achieve the standing-up motions when
δ3 was -100 ms because it did not reach the height threshold
η. In other cases, the model satisfied the criteria of horizontal
and vertical positions. Focusing on the success trials, differ-
ent characteristic kinematics were generated. The difference
was mainly found in the time of upward movement. When
the muscle synergy 3 started comparatively earlier (δ3 = −50
ms), the model moved upward although their horizontal CoM
position was below the feet. On the contrary, the model
did not lift up their body until the horizontal CoM was on
the feet (δ3 = 50 ms). This implied that humans possibly
changed the time of lifting up their body. Figure 8 (b)
shows stick pictures of three generated standing-up motion
(δ3 = −50, 0, 50 ms). Around the time 1.0–1.2 s, the model
inclined their trunk more whenδ3 was 50 ms. On the other
hand, the model already began upward movement before
their horizontal CoM was on the feet whenδ3 was−50 ms.

V. D ISCUSSION

We have developed the neuro-musculoskeletal model to
represent human body based on body dynamics and anatomi-
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Fig. 8. Three Strategies of Standing-up Motion. (a) It shows CoM trajectory
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positions of CoM. Gray square shows the feet support area. In these
examples, start times of muscle synergy 3 (δ3) were changed from -100
ms to 100 ms with the interval of 50 ms. (b) It illustrates movement of
stick pictures performing different strategies of standing-up motion.



cal knowledge. Using the developed model, forward dynamic
simulation showed that four muscle synergies could success-
fully realize the standing-up motion.

Moreover, it was analyzed how the muscle synergy 3
affects the standing-up motion. Results showed that the start
time of muscle synergy 3 could control the time of upward
CoM movement. When the muscle synergy 3 started earlier,
the model began moving upward although its horizontal
CoM was below the feet. On the other hand, when the
synergy started later, the model lifted up the body after its
CoM was on the feet. The same characteristic movements
were also reported in the previous study [17]. The literature
classified the standing-up motions into three strategies based
on the CoM trajectories: momentum transfer, hybrid, and
stabilization strategies. In the momentum transfer strategy,
they start moving upward earlier than other two strategies.
However, in the stabilization strategy, they do not move
upward until they move their CoM on feet. CoM trajectory
of the hybrid strategy exists in the middle of above two
strategies. It was also pointed out that the elderly people
tended to use the stabilization strategy. In the stabilization
strategy, the moment arm of the body CoM is shorter than
that of the momentum transfer strategy. Therefore, the re-
quired knee joint torque became less in the stabilization than
the momentum transfer strategy. The momentum transfer
strategy usually utilize the generated momentum to stand up
even their horizontal CoM is below the feet support area.

The main function of muscle synergy 3 was to extend the
whole body by activation of VAS and ES. Therefore, the
momentum transfer strategy is likely chosen when muscle
synergy 3 started earlier to move the CoM upward. However,
the standing-up motion resulted in failure when the muscle
synergy 3 started too early (δ3 = −100 ms) due to longer
moment arm of CoM position and insufficient momentum.
On the other hand, muscle synergy 3 started comparatively
later in the stabilization strategy to firstly move the CoM
closer to their feet by the former two synergies.

One of the contribution of our study will be detection
of motion strategy of the standing-up motion. In order to
assist the human motion effectively, it is important to clarify
what strategies they are employing during the motion. Our
finding suggested that standing-up motion strategies could
be determined from the start time of muscle synergy 3.
Therefore it enables the assistive system to adaptively change
their movement patterns based on the real time detection of
start time of the muscle synergy 3.

VI. CONCLUSIONS ANDFUTURE STUDY

In this study, neuro-musculoskeletal model was developed
to represent human body. Using the model, it was validated
that four muscle synergies could generate human standing-up
motion rather than controlling individual muscles. Moreover,
our forward dynamic simulation results showed that three
different motion strategies (momentum transfer, hybrid, and
stabilization) could be generated by controlling the start time
of muscle synergy 3.

Our future study is examination of how other synergies
affect the standing-up motion. Specifically, it is needed to
clarify how the muscle synergy 1 (trunk flexion) generates
necessary momentum for the motion. Also, further improve-
ment of the model is necessary to represent different human
situation. For example, if the model is adjusted to the elderly
persons, it would be expected to fully understand how they
prefer the stabilization strategy than others.
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