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Muscle synergy structure using different strategies in human standing-up motion

Ningjia Yang, Qi An, Hiroshi Yamakawa, Yusuke Tamura, Atsushi Yamashita and Hajime Asama

Department of Precision Engineering, The University of Tokyo, Tokyo, Japan

ABSTRACT

Standing-up motion is an important daily activity. It has been known that humans can employ
different strategies to stand up from a chair, but it was not clear how people control their redundant
muscles to achieve different strategies. This study employs the concept of muscle synergy which
suggests that humans utilize the small number of modules (called muscle synergy) to generate
the movements. This study uses two approaches to understand how humans generate different
movements. Firstly, measurement experiment was performed to investigate the muscle synergy
structure during different strategies. Next, the finding from the measurement experiment is validated
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through the forward dynamic simulation using our developed neuromusculoskeletal model. Both of
our results from simulation study and measurement experiment showed that four muscle synergies
could generate standing-up motion. However, they adaptively changed the start time of a certain

synergy to achieve different strategies.

1. Introduction

In the past decades, the world’s elderly population has
been increasing sharply. According to United Nations,
the proportion of the world’s population aged 60 years or
over increased from 8% in 1950 to 12% in 2013, and it is
estimated that it will increase more rapidly to reach 21%
in 2050.[1] In order to improve the quality of life of the
elderly, the standing-up motion is focused. Standing-up
motion is one of the most common daily activities, which
also influences other activities.

In robotic research, many kinds of devices and robots
were developed to assist standing-up motion. Chugo et
al. [2] developed an assistive system which was composed
of a bed and a bar to lead human body to follow the
desired trajectory. Agrawal et al. [3] proposed a chair-
type device using gravitational force to lift up the hip of
the user to help people accomplish standing-up motion.
A robotic exoskeleton assistive system was developed to
support the user’s standing-up motion synchronizing his
or her intention.[4] In addition, a sit-to-stand trainer
which aimed to support or to train sit-to-stand motion
was developed based on kinematics, kinetics and EMG
patterns of standing-up motion.[5] In order to take full
advantage of these devices and help the humans stand up,
itis necessary to clarify the mechanism of the standing-up
motion.

To understand the mechanism of the standing-up
motion, it is important to understand how humans
achieve varied movement. Essentially, human movement

is varied because human body is a redundant system
where there are more muscles than the number of joints
to be controlled. Hughes et al. [6] defined three strategies
(momentum transfer, stabilization, and hybrid) used in
humans standing-up motion which generate different
movements. They found that younger persons tend to
use the momentum transfer strategy which utilizes the
momentum to lift up their body. On the other hand,
the elderly persons tend to use the stabilization strategy
in which they carry their center of mass (CoM) first
on their feet and then they move upward. The hybrid
strategy is the middle between momentum transfer and
stabilization. Other studies also compare the standing-up
motion between the young and the elderly. They found
that the older adults showed more vastus lateralis (VAS)
muscle activity, greater knee flexion and greater trunk
forward lean than young adults.[7] However, they could
not reveal how humans control redundant muscles to
generate standing-up motion.

In order to clarify how humans coordinate their
redundant number of muscles to generate different
standing-up movements, the concept of muscle synergy
has been employed in the area of human motor control
theory. Muscle synergy was firstly proposed by Bern-
stein, which suggested that human movements could
be generated from a limited number of modules (called
muscle synergy).[8] It claimed that humans did not con-
trol individual muscles, but they controlled modules of
muscles. Muscle synergy theory decomposes the complex
control of individual muscles into modular organization.
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Previous studies showed human movements such as
locomotion, posture control and hand posture could be
explained by a small number of muscle synergies.[9-11]
Ivanenko et al. [9] found that muscle synergy structure
changed little when humans walked with different speeds
and gravitational loads, but they adaptively changed the
weighting coeflicient of muscle synergy to achieve differ-
ent locomotion. In human postural control, it was also
found that muscle synergies were similar while muscle
synergy coeflicient changes with different posture.[10]
These findings suggested that humans might utilize dif-
ferent combinations or different ways to activate the lim-
ited number of muscle synergies to accomplish adaptive
movements. In addition, a previous study [12] analyzed
changes in muscle coordination with training and the
results showed that there was possibility that the plasticity
exists by the repetitive execution of movement patterns
which were supported by intrinsic muscle synergies. This
result also suggested that clarification of muscle synergy
structure is necessary in rehabilitation.

In our previous study,[13] a neuromusculoskeletal
model was developed to simulate how muscle synergies
contribute to the standing-up motion. Previous studies
also employed simulation model to analyze how muscle
synergy contribute to human movement.[14,15] Aoietal.
used the similar neuromusculoskeletal model to analyze
how phase resetting affected human bipedal walking. Jo
et al. employed cerebrocerebello-spinomuscular interac-
tion model to analyze how to generate stable long-loop
walking. Our simulation study implied the possibility
that changing parameters of muscle synergies could gen-
erate different trajectories of the motion. However, the
simulation study used a specific muscle synergy patterns
which were extracted from only one subject. Therefore,
we perform the measurement experiment in this study to
investigate the muscle synergy structure among different
strategies of human standing-up motion. Although the
measurement experiment can give the necessary condi-
tion to achieve the motion, it was still unclear whether
the condition also satisfies the essential condition for the
movement achievement. In order to elucidate the essen-
tial condition, we use our developed neuromusculoskele-
tal model to perform the forward dynamic simulation to
verify the results from the measurement experiment. In
this study, our objective is to clarify muscle synergy struc-
ture in different strategies of standing-up motion. In par-
ticular, firstly the measurement experiment is conducted
to find muscle synergy structure. Next, the finding will be
validated through the forward dynamic simulation.

2. Muscle synergy model

In this section, muscle synergy model is explained.
Bernstein suggested that human movement was com-
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posed of the small sets of modules (called synergy). It
assumes humans do not control individual muscles but
they control group of muscles. The muscle synergy model
has been widely used to analyze human movements.[9,
10] For the muscle synergy model, muscle activation can
be expressed as a linear summation of spatiotemporal
patterns in a mathematical expression, as in Equation
(D),

M = WC, (1)

where M, W, and C indicate muscle activation, spatial
pattern and temporal pattern matrices respectively. Ma-
trix M consists of the muscle activation vectors
m;(j—1,. ) to represent n different muscle activations
(Equation (2)).

M = (my(t) my(t) ... my(0)"

mi(1) ... my(tmax)

mn.(l) ce mn(l;max)

The components of the vector m;(t) represent discrete
i-th muscle activation at time ¢t (1< t < fpax). Vari-
able n represents the number of muscles. Spatial pat-
tern W is used to represent the relative activation level
of muscle. Variable N indicates the number of muscle
synergies. Its column shows N different spatial pattern
vectors wj(j=1,2,...N)- The vector w; consists of w;; which
represents relative activation level of muscle i included in
j-th muscle synergy (Equation (3)).

W=(w1wz...wN)

=[:- | (3)

Temporal pattern C is used to indicate the weighting
coeflicient of N muscle synergies (Equation (4)). Its
row shows N different temporal pattern vectors
¢i(j = 1,2,...,N), which indicate temporal pattern cor-
responded to the spatial patterns w;. Its components are
¢j(t), which represent weighting coefficient of j-th muscle
synergy at time t.

C=(a(®) ea(t) ... en(0)"
c(1) ... c1(tmax)
eN(1) ... eN(fmax)
Figure 1 shows a schematic design of muscle synergy

model. Three muscle synergies are used to express n
muscle activations. They are composed of spatial and



Downloaded by [University of Tokyo] at 22:29 01 August 2017

42 N. YANG ET AL.

w . — ¢ (t)——

= 1 oh) PRAEEN

=} o N

gy \ my /N
B=] =2 . __g—t—<q
13} =

< - Time [s]

Muscle Activation

W11 W21 W31 - Wpy _Cz(t)

-~

| |
A}
\
N
N
N
.
.
’
/

Wiz W2z W3z =+ Wnpap

W3

Wiz Wa3 W33 - Wpg3

(a) Spatial Pattern

(b) Temporal Pattern

(c) Muscle Activation

Figure 1. Muscle synergy model. (a) shows spatial patterns (w4 23) which represents the activation level of related muscles. (b) shows
temporal patterns (cq,3) to indicate the time-varying weighting coefficient of corresponding muscle synergies. (c) shows time-varying
activation of n muscles (gray part). The solid, dashed, and circle lines show the generated muscle activation from muscle synergies 1, 2,

and 3 respectively.

temporal patterns. Spatial patterns (wi,3) show rela-
tive muscle activation level. Temporal patterns (c;3)
show the relative weighting coefficients. During the mot
ion, spatial patterns are constant, but temporal patterns
change according to the time. Muscle activations are
generated from linear summation of spatial and tempo-
ral patterns of muscle synergies. Muscle activations are
shown in gray areas and muscle synergies 1, 2, and 3 are
described in solid lines, dashed lines, and solid lines with
circles in Figure 1.

To calculate elements of the matrices W and C, non-
negative matrix factorization (NNMF) [16] was used.
Firstly, the initial elements of matrix W are decided ran-
domly. Secondly, the matrix C is solved using Equation
(5). Thirdly, the matrix W can be solved by Equation (6).
By repeating Equations (5) and (6), matrices W and C
can be obtained.

wiwc = wTm, (5)
cCc™wT = cmT. (6)

3. Measurement experiment

In this study, firstly the measurement experiment is con-
ducted to clarify the muscle synergy structure during
different strategies of human standing-up motion. In the
experiment, body trajectory, reaction force, and muscle
activation are measured, and muscle synergy structure is
mainly determined from muscle activation data. Details
of our experiment are explained below.

3.1. Experimental protocol

In this experiment, subjects are asked to stand up usi
ng two different strategies (momentum transfer and

stabilization) intentionally. Before starting the experi-
ment, an experimenter explains the characteristics of the
strategies to each participant. When they perform the
motion, we ask them to locate their feet 80° from the
horizontal direction at the initial state of the experiment.
Additionally, they are told to cross their arms in front
of their chest to avoid using the arms. The chair height
was adjusted to the height of the subject’s lower leg. The
subjects finished the motion without moving feet in all
the trials. Recording time for each trialis 10 s. Experiment
environment is shown in Figure 2(a).

This experiments measured 10 muscles as following:
tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL),
rectus femoris (RF), vastus lateralis (VAS), biceps femoris
long head (BFL), biceps femoris short head (BFS), gluteus
maximus (GMA), rectus abdominis (RA), and erector
spine (ES). These muscles were chosen because they ei-
ther contribute to the flexion and extension of the ankle,
knee, hip, and lumbar joints. These muscle positions are
shown in Figure 2(b) and (¢).

In this experiment, 11 healthy male subjects (24.5 £
2.2 years old, 1.73 & 0.03m, 60.1 £ 2.4kg) were asked
to participate at our experiment. For each strategy, there
were 15 trials. The informed consent was obtained from
all participants according to the protocol of the Institute
Review Board of The University of Tokyo.

3.2. Experimental setup

In this experiment, motion capture system (Motion
Analysis. Corp.) was used to obtain the kinematics infor-
mation of the subject in 100 Hz. This motion capture sys-
tem had eight infrared cameras. Human body positions
are measured based on Helen Hayes marker set. Joint
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Figure 2. Experimental Environment. (a) An optical motion capture system, force plates, and SEMG sensors are used to record kinematics,
dynamics, and muscle activation data. (b) Measured muscles are shown above from front view. (c) Measured muscles are shown above

from back view.

angle data were calculated using SIMM (Musculograph-
ics, Inc.) based on the joint position data. Surface EMG
device (DL-141, S&ME Corp.) was used in this experi-
ment to get muscle activities data in 1000 Hz. Two force
plate devices (TechGihan. Corp.) were used to get the
reaction force data in 1000 Hz.

3.3. Data preprocessing

In this study, all the recorded data were filtered. Mus-
cle activation data was filtered with a band pass filter
of 60-200 Hz to remove noise and the moving average
was calculated for 1.0s before and after the data point.
The joint position data were filtered with the second-
order Butterworth low pass filter with 5 Hz. The collected
reaction force data were filtered with low pass filter of
20 Hz.

The duration time of the standing-up motion is dif-
ferent among different trials and subjects. In order to
compare different trials, the duration time needs to be
normalized. To normalize the duration time, the
standing-up motion is divided into four phases.[17] The
start time of phase 1 is set as the start of standing-up
motion. The start time of phase 1 is when the horizontal
velocity of shoulder exceeds 0.2 m/s. Phase 2 is when the
hip leaves the seat. The start time of phase 2 is when the
vertical reaction force of hip is less than 0N. Phase 3 is
the time when the subjects start to move upward. The
start time of phase 3 is when the horizontal displacement
of the knee gets its maximum. The start time of phase 4 is
when the vertical velocity of shoulder becomes less than
0.1 m/s after the start time of phase 3. The end time of
phase 4 is set as the end of the motion. However, the end
time cannot be defined clearly since humans just stand
straight in the end of the standing-up motion. Therefore,

the duration of phase 4 is decided as to the 25% of the
duration time from phases 1-3. The recording data were
cut based on the start time of phase 1 and the end time of
phase 4. Then, the motion time is normalized to 100%.

When all the data were obtained, muscle synergies
were extracted from muscle activation data using NNMF.
To test whether muscle synergy can well represent muscle
activation, the determination of coefficient R? is calcu-
lated. In addition, in order to decide the number of mus-
cle synergies, one-factor analysis of variance (ANOVA) is
employed to evaluate how additional synergies affect the
performance of muscle synergies. When there is a statistic
significance, a post hoc test is applied to the neighbour-
ing number of synergies to evaluate if additional muscle
synergies can increase the performance. The statistical
significant level p is set to be 0.05.

In order to investigate whether humans utilize the
same muscle synergies among different strategies, the
cosine similarity among spatial patterns are calculated.
The similarity s; between muscle synergies w; and
wj is obtained from the following equation,

Wi -Wj

Sii = . (7)
T willwy]

3.4. Results of measurement experiment

3.4.1. Verification of recorded motion

In order to verify whether the participants stood up
using the right strategies as we required, the CoM was
calculated. In order to calculate the CoM trajectory, the
same four-link model was used as our previous study.[13]
The previous study [8] defined that the horizontal veloc-
ity of CoM using stabilization and momentum transfer
strategies are less than 0.075 m/s and more than 0.1 m/s



Downloaded by [University of Tokyo] at 22:29 01 August 2017

44 N. YANG ET AL.

respectively. Our obtained results satisfied the definition
and verified that the subjects could perform different
strategies in our experiment.

Figure 3 shows CoM trajectories of different strategies.
Horizontal and vertical axes indicate normalized CoM
displacement. The displacement was normalized based
on the height of each subject. Solid and dashed lines
indicate CoM trajectory of the momentum transfer and
the stabilization strategies respectively. The gray area on
the horizontal axis shows feet support area. This result
shows that when the subject used the momentum transfer
strategy, the vertical CoM increased directly as the hor-
izontal CoM increases. However, when the subject used
the stabilization strategy, the vertical CoM decreases first
when the horizontal CoM increases. This is because the
subject firstly moved the CoM on their feet. Then the
vertical CoM increases as the subject begins to move up-
ward. While in the stabilization strategy, the stimulated
CoM started to move forward firstly, then began to move
upward.

3.4.2. The number of muscle synergies

In order to decide the number of muscle synergies, coeffi-
cient of determination R? was calculated. Figure 4 shows
the coefficient of determination R? of different number
of muscle synergies. The solid and dashed lines, respec-
tively, represent momentum transfer and stabilization
strategies. As a result of ANOVA, there was a statistical
significance in the coefficient of determination R? based
on the number of muscle synergies (momentum trans-
fer: F = 1121.44, p < 0.05, Stabilization: F = 563.97,
p < 0.05). Post hoc test indicated that there was a sig-
nificant difference in the number of muscle synergies
between one and two, two and three, and three and four
(p < 0.05). This indicated that the coefficient of determi-
nation R significantly increased until the muscle synergy
number was four. In addition, the result showed that four
muscle synergy could represent 94 and 93% muscle acti-
vation in momentum transfer and stabilization strategies
respectively.

3.4.3. Spatial and temporal patterns of muscle
synergies

Figure 5(a), (¢), (¢) and (g) show the spatial patterns of
four muscle synergies which are used to explain muscle
activation of the ten selected muscles. Black and white
bars show relative muscle activation when subjects used
momentum transfer and stabilization strategies, respec-
tively. Each synergy had particular contribution to body
movements according to human anatomy. In Figure 5(a),
it shows that muscle synergy 1 mostly activated RA which
flexed the lumbar and produced momentum necessary
for the standing-up motion. Muscle synergy 2 mostly
activated TA which dorsiflexed the ankle joint to move

0.25 r
Standing
0.20 F
g Momentum Transfer
£
8 015 F = = =Stabilization ]
%1 ]
2 !
A !
'ET:); !
= 0.10 F ]
o
>
=
8
Tg 0.05 F
5
~ Sitting ’
0,00 | TR M —
0.00 0.05 0.10 0.15 0.20
-0.05

Normalized Horizontal Displacement

Figure 3. CoM trajectory. Center of mass trajectories of two
strategies are depicted above. The vertical and horizontal axes
indicate normalized displacement in each direction. The gray
area on the horizontal axis shows foot support area. This result
indicates that humans move upward even before their CoM is on
the feet in the momentum transfer strategy. On the other hand,
humans start moving upward after their CoM is on the feet.

CoM forward, and activated VAS and RF to extend the
knee, as Figure 5(c) shows. In Figure 5(e), muscle synergy
3 mainly activated ES and VAS to extend trunk and knee,
which lift up the whole body Figure 5(g) shows that mus-
cle synergy 4 activated GAS and SOL, which flexes knee
and ankle to decelerate movement of CoM. Similarity
between the each muscle synergies of the two strategies
was quantified using the cosine principal angles. Similar-
ity represents the dimensionality of the subspace shared
between the spaces spanned by the muscle synergy sets
of the two strategies.[18] In addition, the previous study
[18] set the threshold of similarity as 0.90. In our study,
the similarities between each synergies were found to be
0.95, 0.99, 0.99, and 0.99 for synergies 1, 2, 3, and 4,
respectively. In order to validate that the same spatial pat-
terns can actually generate different strategies, forward
dynamic simulation is used. The detailed procedure will
be explained in the next section.

Figure 5(b), (d), (f), and (h) show the temporal pattern
of the four muscle synergies. The vertical lines in the
graphs show the start time of the phases 1-4. The start
time of each phase is shown in Table 1. Since the start time
of the phase 1 was decided as the start of the motion, it is
set to be 0%.

The weighting coefficient of temporal pattern is on the
vertical axis. The duration time of the whole standing-
up motion is on the horizontal axis, and the time was
normalized to 100%. The black solid and dashed lines
show the temporal patterns of momentum transfer and
stabilization strategies. In Figure 5(b), muscle synergy
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Figure 4. Coefficient of determination. Above two figures show how the coefficient of determination R? is changed according to the
number of muscle synergies when standing-up using the two strategies. Both the two figures show that statistical significance increased

until the number of muscle synergies is four.

Table 1. Onset Time of Four Phases. Below shows start time of
each phases among two strategies.

Phase 2 Phase 3 Phase 4
Momentum Transfer 33% 46% 80%
Stabilization 32% 47% 80%

1 was firstly activated during the phase 1 to bend upper
trunk. Figure 5(d) shows that muscle synergy 2 was
activated next and it had the peak at the phase 2 to
lift up the hip. The main characteristic difference can be
found in this synergy. The momentum transfer strategy
activated the muscle synergy 2 earlier than the muscle
synergy 3. Figure 5(f) shows that synergy 3 started to
activate muscles thirdly to move body upward at the
phase 3 to extend their whole body. Figure 5(h) shows
that it activated GAS and SOL to flex the ankle and knee
joints at the phase 4 to decelerate their horizontal CoM
movement and keep balance.

From this measurement experiment, it was implied
that humans would utilize the similar spatial patterns.
Also, their temporal patterns were similar each other
between two strategies except the muscle synergy 2. The
muscle synergy 2 was activated earlier in the momen-
tum transfer strategy than the stabilization strategy. This
implied that humans adaptively changed the start time
of the synergy 2 to lift up the hip earlier to utilize the
momentum. On the other hand, the stabilization strategy
had the delayed lifting up time until they moved their
CoM onto the feet.

3.4.4. Joint kinematics

Figure 6 shows the ankle, knee, hip, and lumbar joint
angles, respectively. Black solid and dashed lines rep-
resent the joint angles change during the standing-up
motion of the momentum transfer and stabilization strate-
gies respectively. The vertical direction shows the angles
in radian. The horizontal direction shows the motion
process (normalized motion time). Figure 6(c) and (d)
represent that hip and lumbar joints have larger

amplitude when using stabilization strategy. These results
indicated that the subjects need to bend their body more
to move their CoM forward when using stabilization
strategy. In addition, the subjects dorsiflexed their ankle
to carry the body forward.

4. Simulation experiment with neuromusculos-
keletal model

From the measurement experiment explained above, it
has been implied that humans could generate the dif-
ferent strategies of standing-up motion using the same
synergies. On the other hand, it was shown that they
changed the specific parameters of the synergy. How-
ever, this measurement experiment only gives a neces-
sary condition to achieve the movement. Therefore, in
this section, we conduct a simulation study to verify our
finding from the experiment. In the simulation study,
the neuromusculoskeletal model is used to investigate
whether different strategies are realized only by changing
the start time of the synergies.

4.1. Neuromusculoskeletal model

In order to evaluate the effect of parameter change of
the muscle synergy, neuromusculoskeletal model is used
and forward dynamic simulation is performed. Our de-
veloped system consists of nervous system and muscu-
loskeletal model as shown in Figure 7. Firstly, the nervous
system generates motor command u from the muscle
synergy model, and the postural control generates joint
torque Ty, to stabilize body posture. Next, the muscle
model generates muscular tension and it is converted to
the joint torque Tpyys from motor command u. Finally,
skeletal model calculates body posture from joint torque,
joint property, and interaction force from floor. Details
of each parts are described below.

4.1.1. Nervous system
The nervous system has two components such as muscle
synergy model to generate motor command and postural
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Figure 5. Spatiotemporal patterns of four muscle synergies. Figure 5(a), (c), (e), (g) show the spatial patterns of the four muscle synergies.
Above bars show the relative activation level of muscles. Figure 5(b), (d), (f), (h) show the time-varying weighting coefficient of muscle

synergyies 1-4.

control to generate joint torque to stabilize the posture.
In the simulation study, muscle synergy model generates
motor command u (not muscle activation) from spatial
pattern W and time-varying weight C. In order to decide
spatial patterns of muscle synergy model, firstly joint
torques are computed with the same four-link model by
inverse dynamic calculation using body trajectories and
reaction force in the previous measurement experiment
in Section 3. Next, joint torque is used to determine
the amount of muscular tension necessary to achieve
the standing-up motion. Then, muscle activation m; is
decided from the muscular tension, but it cannot be

determined uniquely since our model includes bi-articular
muscles (GAS, RF, and BFL). In addition, one inner
muscle is included in the model although it cannot be
measured from the experiment. To solve these problems,
optimization methodology is utilized to decide muscle
activation mg to minimize the following squared error z,

1 N
2
z=5;||m;—mi||. (8)
1=

NNMF is applied to the muscle activation m; to
obtain spatial pattern w. In the simulation study, square



Downloaded by [University of Tokyo] at 22:29 01 August 2017

== Momentum Transfer =~ === Stabilization

1.40

1.35

1.30

1.25

Ankle Angle [rad]

1.20

L.15

Motion Process [%]

(a) Ankle joint angle

e Momentum Transfer === Stabilization

Hip Angles [rad]

Motion Process [%]

(¢) Hip joint angle

ADVANCED ROBOTICS (&) 47

e Momentum Transfer === Stabilization

35 ¢

Knee Angle [rad]

Motion Process [%]

(b) Knee joint angle

== Momentum Transfer === Stabilization
k=l
E
= J
o (4
20 DN 7’
é‘ \\\ 'd
’
g N =4
E Seaeae”
=
a
20 40 60 80 100

Motion Process [%]

(d) Lumbar joint angle

Figure 6. Measured joint angles. Figure 6(a)-(d) show ankle, knee, hip, and lumbar joint angles, respectively.
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Figure 7. Above figure shows schematic diagram of our neuromusculoskeletal model. Nervous system consists of muscle synergy model
and posture control; the muscle synergy model generates motor command u and postural control generates a joint torque Ty, to
stabilize the body posture. On the other hand, the muscle model receives motor command u to calculate joint torque Tp,s. When
summation of both torques Ty,,s and Ty, are input to the skeletal model, it calculates body posture ® and 0. Body postures are fed

back to the postural control and the muscle model as well.

wave is used to represent time-varying weight c. We use
square waves to avoid the effect of the noise from surface
electromyography. Essentially surface electromyography
includes the noise due to skin condition, hair, and signal
decay, and therefore m; is affected by the noise as well.
Therefore, in order to reduce the effect of the noise,
square wave is employed in this study. Their rising time
and duration are arbitrarily decided by trying and error.
When motor command is input to the muscle model, it
is converted into the muscle activation using first-order
differential equation explained in the later section.

In addition to the muscle synergy model, postural
control is used to stabilize the posture of the skeletal
model. It generates joint torque Tg, by the proportional
control to each joint based on the error of joint angles

between the measured ones in Section 3 and the ones in
simulation. It is obtained from the following equations,

T, = KIAq(#) + KIAQ(H) + KIAG(®H),  (9)
Ax(t) = x(t — A) +x(t — 1), (10)

where parameters Aq(t), Aq(t), Aq(t) represent joint
angle, angular velocity and acceleration, and vectors K494
show coefficients for joint angle, angular velocity and
acceleration in the proportional control. Time delay A is
taken into account as a nervous transmission delay. Also,
the maximum and minimum joint torque is limited to
£50 Nm. This limitation is to mainly evaluate the effect
of muscle synergies.
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4.1.2. Skeletal model

In this study, human body is represented with four seg-
ments; an upper trunk, a pelvis, a thigh, and a shank
(Figure 8(a)). When all the segment parameters (mass,
segment length, position of CoM, and inertia) are given,
an equation of motion is derived as follows:

1(0,0) +h(©,0) +g(0) + D(©O,0) =T + (6, 0),

(11)
where matrices 1(®), h(®, ©), and g(®) indicate iner-
tia term, non-linear term, and gravitational term which
could be obtained from Lagrangian equation of motion.
Matrix D(®, ©) indicates joint resistance force according
to position and velocity of each joint [19,20]. Parameter
k=1, 2, 3, 4 indicate the ankle, knee, hip, and pelvis joints
as in the following equation,

di6r when k=1,2,3
D = (d;*0; when k=4 6 >0.0314. (12)
dlg; when k =4 6; <0.0314

Matrix T represents joint torque which is generated from
muscles. Matrix ®(©, ©) indicates horizontal and verti-
cal reaction forces generated on the hip joint. The feet of
the skeletal model are fixed to the ground. These forces
are calculated from kinetic and elastic elements.

4.1.3. Muscle model
The muscle model generates joint torque Tp,s. Figure
8(b) shows muscles included in our study. In addition
to the 10 muscles in the measurement experiment, we
additionally considered iliopsoas (IL). It is because IL is
important muscle to flex the hip joint, but it cannot be
measured using surface electromyography.

Joint torque is calculated from multiplication of mus-
cular tension F; and moment arm ry; as in Equation (13),

4 11
T = ZZrkiFi. (13)

k=1 i=1

In the equation, moment arm ry; is obtained from previ-
ous anatomical studies, and muscular tension F; is
obtained from Hill-type muscle model [21]. The Hill
model is composed of the contractile element (CE) and
the parallel element (PE). CE of ith muscle actively gen-
erates muscle tension FCF based on muscle dynamics
(force-length fg and force-velocity fr, relationships),
intrinsic maximum contraction force F/*** and muscle
activation m; as in Equation (14).

FEE = P foom,. (14)

Force-length relationship fy and force-velocity relation-
ship f are expressed as in Equations (15-16).[19,22]

HAT

Pelvis

(a) Skeletal Model (b) Muscle Model

Figure 8. Above figure shows musculoskeletal model used in
this study. Four segments of shank, thigh, pelvis, and HAT are
considered. Eleven muscles are focused including mono- and
bi- articular muscles.

Normalized muscular length is calculated from moment
arm, current joint angle 0y and optimal joint angle 6,
as in Equation (17). Similarly, normalized joint angular
velocity is obtained as in Equation (18). The normalized
muscular velocity v; assumes that the maximum muscle
velocity is equal to 10 times the optimal muscle length
[23].

fa=exp(—(I—1)), (15)
fre = 1+ tanh(¥), (16)
4
I = (lf + ) (O — 90))> /12, (17)
k=1
B 1 di
T e ar (18)

This study employs first-order activation dynamics to cal-
culate muscle activation m; [24]. When muscles receives
motor command u, it does not produce muscle activa-
tion directly. The excitation and relaxation dynamics are
expressed as in following equation,

dm u—m
dm _u—m (19)
dt  f(m,u)

tact (0.5 + 1.5m) when u >m

,Uu) = 20
. w) tdeact/ (0.5 + 1.5m) when u < m. (20)

Time derivative of muscle activation (dm/dt) is decided
from the current activation level m, motor command u
and time constant f(m, u). Figure 9 shows the relation-
ship between motor command u and muscle activation
m. This converts the square wave form to the non-linear
wave pattern as in Figure 9. In our study, muscle activa-
tion time t,¢ and deactivation time tge,t are set to be 30
and 50 ms, respectively.[24-26]

On the other hand, PE generates passive force F/*
when the muscle is extended from its optimal length I;
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Figure 9. Relationship between input motor command u and
muscle activation m. In our study, time constants t,ct and tgeact
are set to be 30 and 50 ms respectively.

as in Equation (21).[27] Muscular tension F is obtained
summation of contraction force F-F and passive force
FPE.

1

0 li<1.0
FiPE — F;’nax% 1.0 < ii < 1.5. (21)
Fmax 1.5 <1;

4.2. Effect of start time of muscle synergy

Using the developed neuromusculoskeletal model, for-
ward dynamic simulation is performed. Firstly, initial
posture is given to the model. Next, muscle activation is
calculated from motor command generated in the muscle
synergy model. Then the muscle model calculates joint
torque generated on each joint. Finally, skeletal model
calculates body posture taking floor reaction force and
joint resistance force into account. For the numerical
calculation, fourth-order Runge-Kutta method is used
and time step is set to be 1 ms.

From our measurement experiment, it was implied
that humans could employ the similar synergies to gen-
erate different strategies of the standing-up motion only
by changing specific parameters of them. In order to
verify that, forward dynamic simulation is conducted to
investigate whether it is possible to generate the different
strategies using the same muscle synergies.

In particular, we use the following equation to calcu-
late the motor command u:

N
u(t) = ijcj(t — &), (22)

j=1

where §; is the onset time difference. In our simulation
study, particularly the effect of the muscle synergy 2 (8, ) is
evaluated since there was main difference in this synergy.

4.3. Results of Forward Dynamic Simulation

Detailed parameters for our neuromusculoskeletal model
can be found in our previous study.[13] Figure 10 shows
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spatiotemporal patterns of muscle synergies used in our
simulation study. They had the same characteristics as the
ones from measurement experiment. The first synergy
mainly activated RA to bend forward. The second synergy
utilized TA, RF, VAS, ES to rise their hip. The third
synergy activated most of the muscles to extend the knee
and the upper trunk. The fourth synergy activated mostly
GAS, SOL, BFS, and GMA to control ankle and hip
to stabilize their posture. Similarly, start time and its
duration of each synergy is similar to the measurement
experiment.

Figure 11 shows the joint kinematics from sitting to
standing using different parameters. The vertical direc-
tion shows the angles in radian. The horizontal direction
shows the motion process (normalized motion time).
Figure 11(c) and (d) represent that hip and lumbar joints
have larger amplitude when the muscle synergy 2 started
10 or 20% later. The results also indicated that the subjects
need to bend their body more to move their CoM for-
ward when using stabilization strategy. These results also
showed that the simulation study could generate different
strategies using the same spatial patterns.

In our simulation results, the start time of the muscle
synergy 2 (82) was changed to 0, 10 and 20%.
Figure 12 shows CoM trajectory from sitting to standing
using different parameters. The vertical and horizontal
displacements were normalized based on the height of
the musculoskeletal model. Gray square under the graph
shows the feet support area. The results show that the
model tends to bend more deeply when the start time
of the muscle synergy 2 was delayed. Later the synergy
2 started, the time of upward movement became after-
wards. When the muscle synergy 2 started 10 or 20%
later, they firstly moved their CoM onto the feet and start
moving upward. This corresponds to the characteristics
of different strategies reported in the previous study [6]
and found in our measurement experiment. The lines
with the circle markers indicate CoM trajectories from
simulation study. This result also shows that the simu-
lation study could generate different strategies using the
same spatial patterns.

5. Discussion

In this study, the muscle synergy model was used to clarify
the differences in various strategies in human standing-
up motion. The measurement experiment was performed
to investigate the muscle synergy structure during
standing-up motion. However, analysis of the experiment
could only obtained necessary conditions to accomplish
the motion. To verify the findings from the measure-
ment experiment, the simulation was employed in this
study.
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Figure 10. Spatiotemporal patterns of four muscle synergies. Figures (a), (c), (€), and (g) show the spatial patterns of the four muscle
synergies. Above bars show the relative activation level of muscles. Figures (b), (d), (f), and (h) show the time-varying weighting

coefficient of muscle synergyies 1-4.

Both experimental and simulation results showed
that four muscle synergies could successfully represent
standing-up motion of the different strategies. For the
spatial patterns of measurement experiment shown in
Figure 5, both momentum transfer and stabilization
strategies have similar spatial patterns of muscle syner-
gies but different temporal patterns. Although the results
of the measurement experiment show that the activa-
tion levels were different in some muscles among dif-
ferent strategies, two approaches were used to validate
that the same spatial patterns could generate the different
strategies. The first approach is to calculate the similarity
between the each muscle synergies of the two strategies

quantified using the cosine principal angles.[18] These
results showed that synergies of two strategies were
similar each other (more than 0.90). The second method
is using the simulation to indicate that only changing
the start time can generate different standing-up motion
movements. Our simulation results validated that it
would be possible to generate different strategies only by
changing temporal patterns. Therefore, it can verify that
different activation levels in the spatial pattern will not
affect the difference of motion strategies. The finding of
different temporal patterns implied that all the muscles
that are activated during standing-up motion involved
dynamic weightings of these basic patterns. The temporal
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Figure 12. CoM trajectory. Center of mass trajectories at the
different start time of muscle synergy 2 (5,) are depicted above.
These CoM trajectories are generated from our forward dynamic
simulation. This shows that humans started upward movement
later when the start time of the muscle synergy 2 was delayed.
The similar characteristic movement was verified in the simulation
study as the measurement experiment.

patterns changed depend on the kinematic and kinetic
demands of the movements. In the case of momentum
transfer strategy, the start time and peak time are earlier
in muscle synergy 2, as shown in Figure 5(d). When
the muscle synergy 2 started ealier, the subject began
to generate momentum to move upward earlier before

the subject moved his/her horizontal CoM onto the feet.
On the other hand, when the muscle synergy started
later, the subject moved upward after the horizontal CoM
moved forward. These characteristics were verified in
our simulation study as well. In the simulation, we use
the same spatial patterns and the only difference was
the start time of the muscle synergy 2. The results of
measurement experiment and simulation study showed
that there are some difference between the activation
levels in spatial patterns, for example, muscle RA in mus-
cle synergy 1 and muscles RA, VAS and ES in muscle
synergy 3. One reason for the differences between simu-
lation and measure experiment results in spatial patterns
such as muscle RA was that inner muscles contributed
more than RA, and therefore only low activation was
found in measured data. However, it was ensured that
muscle synergy could generate enough muscle activation
to flex their HAT. For muscle synergy 3, muscles BFL,
BFS, and ES are mainly activated for extending the body.
But inner muscles which are not measured in this study
may also contribute more than these muscles. There-
fore the activation level of these muscles in simulation
results is higher than that of the measurement experiment
results. This results generated by changing the temporal
patterns also supports the finding from the measurement
experiment. By combining the two methodologies, this
study clarified how humans coordinate their muscles to
generate standing-up motion using different strategies.
It could be implied that this different start times caused
different strategies.
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In our previous study,[13] we firstly hypothesized that
by changing the start time of muscle synergy 3, the simu-
lation model could generate different standing-up move-
ments. The simulation model only employed the reac-
tion force, body kinetic data, and muscle activation data
from one subject. Therefore, it could only analyze the
necessary condition (the start time of muscle synergy
3) for standing-up motion. However in this study, we
conducted the measurement experiment to elucidate the
essential condition for standing-up motion using dif-
ferent strategies. The results showed that by changing
the start time of muscle synergy 2, different standing-up
strategies could be generated.

Similar characteristics of standing-up movements were
also reported in previous study.[6] This literature found
three strategies (momentum transfer, stabilization, and
hybrid) used in humans standing-up motion which gen-
erate different movements.[6] When using the stabiliza-
tion strategy, the moment arm of the body CoM is shorter
than that of the momentum transfer strategy. Therefore,
the required joint torque is lower in stabilization than
momentum transfer strategy. The main function of mus-
cle synergy 2 is to rise the hip by activating muscle TA,
RF, and VAS. Therefore, stabilization strategy is achieved
when the muscle synergy 2 started later to have longer
period of moving forward. Although the CoM results
in both simulation and measurement were not similar,
they had the same characteristics. When the subjects em-
ployed momentum transfer strategy, the subjects started
to move the CoM upward before it reached the feet posi-
tion in the measurement, as in Figure 3. The simulation
result had similar characteristics. When 8, = 0%, the CoM
also moved upward before moved forward to reach the
feet position, as in Figure 12. When the subjects employed
stabilization strategy, the subject moved CoM to reach
the feet position firstly, then started to move it upward,
as shown in Figure 3. The simulation results in Figure
12 also have similar characteristics. When §, = 10% and
82 = 20%, the subjects firstly moved the CoM on their
feet, then started to move upward. Therefore, these results
indicated that both measurement experiment and simu-
lation study generated the similar CoM trajectories when
the same standing-up motion strategy was employed.

The joint kinematics also represented the similar
characteristics in the CoM trajectories between the
measurement experiment and simulation study. In the
joint kinematics results of both experiment and simula-
tion, the amplitudes of hip and lumbar joints were larger
when the subjects employed the stabilization strategies
than that of momentum transfer strategies. The larger
amplitudes of the hip and lumbar joints indicated that the
subjects need to bend their body more to move their CoM
on their feet when they used the stabilization strategy.

However, the joint kinematics still had some differences
in the ankle joint. The ankle joint angles are different
between experiment and simulation results. One rea-
son for this is because of postural control in our sim-
ulation model. In the simulation, a simple proportional
controller was used to follow the target trajectory, and
the same kinematics was used as a reference movement.
However, they might require additional postural con-
troller to stabilize and keep their CoM on the feet for the
ankle joint especially in the stabilization strategy. Further
postural controller will be considered and investigated
between two strategies.

The obtained results contribute to evaluate the effec-
tiveness of the rehabilitation and assistive robots. Ex-
tracted muscle synergy structure and their difference
among strategies can be used as target state of the devices.
To evaluate the effectiveness of the rehabilitation or assis-
tive robots, the muscle synergy structure could provide
useful information. In the rehabilitation of the patients
and training of the older adults, they should not rely too
much on the assistive robots, but they should enhance
their physical ability. It would be possible to evaluate if
the users of the assistive robots can appropriately utilize
muscle synergy without relying too much on the device.

6. Conclusions

In this study, muscle synergy model was used to analyze
how humans control their muscles to generate standing-
up motion using different strategies. The measurement
experiment was performed to analyze observed phenom-
ena and necessary conditions to generate standing-up
motion. In addition, the simulation study was conducted
to verify the outcome of the experiment. Both simulation
and experiments verified that four muscle synergies could
successfully represent human standing-up motion. From
their results, it was found that the spatial pattern of the
muscle synergies changed little even when the strate-
gies changed. However, humans adaptively control the
parameter (start time) of the synergy to achieve different
strategies of the standing-up motion.
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