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Muscle synergy control model-tuned EMG driven torque estimation
system with a musculo-skeletal model

Kyuengbo MIN, Duk Shin, Jongho Lee and Shinji Kakei

Abstract— Muscle activity is the final signal for motion
control from the brain. Based on this biological characteristic,
Electromyogram (EMG) signals have been applied to various
systems that interface human with external environments such
as external devices. In order to use EMG signals as input control
signal for this kind of system, the current EMG driven torque
estimation models generally employ the mathematical model that
estimates the nonlinear transformation function between the
input signal and the output torque. However, these models need
to estimate too many parameters and this process cause its
estimation versatility in various conditions to be poor. Moreover,
as these models are designed to estimate the joint torque, the
input EMG signals are tuned out of consideration for the
physiological synergetic contributions of multiple muscles for
motion control. To overcome these problems of the current
models, we proposed a new tuning model based on the synergy
control mechanism between multiple muscles in the
cortico-spinal tract. With this synergetic tuning model, the
estimated contribution of multiple muscles for the motion
control is applied to tune the EMG signals. Thus, this
cortico-spinal control mechanism-based process improves the
precision of torque estimation. This system is basically a forward
dynamics model that transforms EMG signals into the joint
torque. It should be emphasized that this forward dynamics
model uses a musculo-skeletal model as a constraint. The
musculo-skeletal model is designed with precise musculo-skeletal
data, such as origins and insertions of individual muscles or
maximum muscle force. Compared with the mathematical model,
the proposed model can be a versatile model for the torque
estimation in the various conditions and estimates the torque
with improved accuracy. In this paper, we also show some
preliminary experimental results for the discussion about the
proposed model.

1. INTRODUCTION

As Electromyogram (EMG) signal represents the signal
generated from the brain for the control of muscle activities,
EMG can be applied to analyze the motion control process of
brain. Moreover, this characteristic may be applied to make
the device which can communicate between human and
external environments such as external device. It will be
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Fig. 1. System: (a) System structure, (b) Muscular skeletal model.

possible for this system to be transferred for rehabilitation or
for an EMG-controlled machine interface [1]. To do these, the
EMG-driven torque estimation system needs to be modeled.
The current EMG-driven torque estimation has three main
limitations. First, EMG signal has a lot of noises from the real
measurement environment. Second, the real condition may be
different from the simulated computational condition in the
EMG-driven torque estimation system. Third, the
normalization of EMG is important to analyze the motion
process but its estimation is impossible. Taking these issues
into account, the system operates the optimization process to
tune EMG as the input signal for the estimation of joint torque.
Due to these problems, even though the EMG signal is
pre-processed for normalizing its raw signal, this signal has
serious problem to be applied as input control signal to the
simulation system for the EMG-driven torque estimation. For
this problem, the current EMG driven torque estimation
model [2],[3] generally employed the mathematical model
which estimates the nonlinear transformation function
between the input signal and the output torque. These models
need to estimate many parameters for estimating the joint
torque because they need to estimate the musculo-skeletal
forward dynamics process. These estimation models need the
high cost to estimate the joint torque and their versatility for
the different condition is poor. Moreover, as these models are
focused to be designed to estimate the joint torque, the input
EMG signals are tuned out of consideration for their
synergetic contributions of the motion control. The
normalization process of EMG is very important to analyze
the contribution between muscles for motion control. We
think that problems for current EMG tuning model are
originated from this concept for just torque estimation, which
is caused by unreliability for the precision of EMG signal due
to three limitations of EMG introduced above.
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proposed torque estimation model, we proposed the new
tuning model that does not only tune the EMG signals for
torque estimation or its’ motion trace but also re-estimates the
EMG signals as the control signal of multiple muscles from
brain. To do this, we focus on the tuning of EMG with the
synergy mechanism between multiple muscles contributing to
the motion control. To evaluate the proposed model, we show
the some preliminary experimental results.

II. METHOD

A. System structure

The proposed system structure is shown in Fig.1(a). The
EMG signals measured with the surface electrode are tuned
with the EMG tuning process. The EMG tuning process is the
optimization process for estimating the joint torque with the
EMG signal tuning in the musculo-skeletal model-based
forward dynamic model. The goal of the optimization process
is the joint torque estimated with the force-input Jacobian
transformation [4]. The force is measured with a sensor. As
shown in Fig.1(b), the musculo-skeletal model [5] is designed
with the precise musculo-skeletal data [6][7], such as origins
and insertions of individual muscles or maximum muscle
force. Moreover, to take the individuality of a subject into
consideration, the human anthropometry [8] is applied to this
model. The dynamic of muscle contraction is simulated with
the parameter-normalized model [9] based on Hill model [10].
The forward dynamic process of the proposed system is
estimated with Newton Euler model [5].

B. EMG tuning model

The system operates the optimization process to tune EMG
as the input signal for the estimation of joint torque. The EMG
tuning model is based on the optimization process which
estimates the optimal tuning weight of EMG signals to
maximize the similarity between the sensed torque and the
estimated torque. Furthermore, to maximize the tuning effect
of EMG, the contribution of unmeasured muscle taking part
in the motion control is applied to the EMG tuning process.
To apply the synergetic control contribution between multiple
muscles to the EMG tuning, the proposed model is based on
the synergy mechanism between multiple muscles. This model
is introduced in the next subsection.

B Synergetic EMG tuning

As shown in Fig.2, the multiple muscles are activated for the
control of arm motion. These muscles are controlled with the
signal from the cortico-motoneuron (CM) in primary motor
cortex (M1). The proposed synergetic control mechanism is
based on the activity of CM. Asanuma [11] showed that
individual CM triggers one particular muscle. Based on this
experimental data, Shinoda [12] found the experimental data
for the new control mechanism of some CMs, which govern
multiple muscles. Based on these experimental data, the new
EMG tuning model is proposed. The proposed model is that

Fig. 2. Acting muscles for control of arm.

multiple muscles for the contribution of motion are controlled
with the synergy mechanism between two kinds of control
policy which are Group control policy and Individual control
policy. Based on this mechanism, the input EMG signals
Emg , for the system are tuned as:

Emg, :EmgtDiag ‘W,

w=w +wS (D)

Diag

where w is the weight vector for tuning Emg, at time t.

EmgtDiag is the diagonal matrix of normalized EMG signals.

w' is the weight vector of the individual control policy and
w is the weight vector of the group control policy. The
output tuning weight vector w estimated as the summation of
w' and w%in (1). This w is optimized to the optimal tuning
weight w* with:

thc
Object Function: w* = arg,, min Z
=0

sim
t

sns
T, —7T

Tt“.m = deEmg,,A,Dclﬂy) >

0 1 m Ndof
w:(wo,wl,...,wm,...,de‘,f),T, =(T, ,T, 5ees T, 5eeesT, R
Constraint: 0.01<w, <1.0, 0.01<w,'<1.0,
0.01<w, <1.0
(2)
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where 1™ is the sensed torque and 1™ is the torque

estimated with the muscular skeletal forward dynamic model
fd(). As shown in (2), during the total time sequence N""¢,

*

w" is optimally estimated with the object function, which

makes 1-[5"“ approximate ¢, with optimizing w. w is the

vector consisting of the weight w" for individual mucle m. t,
is also the vector consisting of the torque 7" for individual

muscle m at every time t. N’ is total degrees of freedom of
the articulated skeletal model. This process is constrained
with the constraint condition in (2). The process stated above
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is applied with the muscle grouping as table.1. Based on this
table, the classification for wCis processed. TMAJ, PMJC
and PMJA excluded from grouping list are individually tuned
with w'.

TABLE I
MUSCLES GROUPING

Group name Muscle name

Shoulder Extensor DLS,DLA
Elbow Flexor BIL, BRCU, BRAD
Elbow Extensor TRL, TRA, TRM
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Fig.3 Measurement condition of EMG signals and joint torque:

(a) Measurement postures: numbered locations mean the positions of
hand, (b) Force directions exerted with the hand griping the stick
on the every numbering position.

As shown in Fig.1(a), EMG signal and joint torque
estimation are simultaneously measured. For the subject’s
postures shown in Fig.3(a), the EMG signals of 11 including
muscles in tablel are measured and the joint torques of both
elbow and shoulder are simultaneously sensed. The torque is
estimated with exerting force for fixed stick in 12 directions
shown in Fig.3(b). With the same condition as this setting, the
measurements for 5 different postures were operated as shown
in Fig.3(a).

IV. RESULTS

The proposed synergetic tuning (ST) model was compared
with the Individual tuning (IT) model for evaluating the
function of torque estimation. The estimation process of
tuning weight in (1) is proceeded for only one posture, which
is posture 5 in Fig.3(a). Fig.4(a) shows the IT-estimated elbow
joint torque for the posture 5 and Fig.4(b) shows the
ST-estimated elbow joint torque for the posture 5. The red line
means the measured torque and the green dots line means the
estimated torque. These results show that ST estimates the
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Fig.4 Joint torque estimation with tuning process: (a) Elbow joint torque
estimated with Individual tuning (IT), (b) Elbow joint torque estimated with

Synergetic tuning (ST), (c¢) Correlation ( R? ) between the measured torque

and the estimated torque for elbow joint, (d) Correlation ( R? ) between the
measured torque and the estimated torque for shoulder joint.

torque with more improved accuracy than IT. The tuning
weight estimated for posture 5 is applied to the all postures for
tuning their EMG signals. Fig.4(c) and Fig.4(d) are the results
from this process. Fig.4(c) show the correlation between the
measured torque and the estimated torque for elbow joint and
Fig.4(d) show the correlation between the measured torque
and the estimated torque for shoulder joint. In these two
figures, the blue box means the result of ST and white box
means the result of IT. These results show the superiority of
ST to the IT in torque estimation. The square of correlation
coefficient R* shows that ST-torque estimation is better than
IT-torque estimation for both the elbow joint and the shoulder
joint in all postures. These results show the robust versatility
of the proposed model for various postures.

These results are caused by the difference of tuning policy
between ST and IT as explained in (1). Fig.5 shows the EMG
signals estimated with the different two tuning models.
Fig.5(a) shows the input original EMG signals and its
individuality is expressed with coloring. Fig.5(b) shows the
EMG signals tuned with IT and Fig.5(c) shows the EMG
signals tuned with ST. Compared the ST estimated result with
the IT estimated result, the muscles activity in Fig.5(c) is more
synergetically controlled than the muscles activity in Fig.5(b).
Fig.5(b) show that the activity of Brachioradialis (BRAD) is
singularly tuned to the high level over maximum activity 1.0
with keeping the others’ activity depressed. This result
showed that the muscle activity tuned with IT is transformed
out of normal activity of muscles. Moreover, the EMG signals
tuned with ST in Fig.5(c) are synergetically activated like the
original EMG signals in Fig.5(a). These results show that the
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Fig.5 Comparsion of original EMG signals and tuned EMG signals:
(a) Origin EMG signals, (b) Individual tuned EMG signal, (c) Synergetic
tuned EMG signals.

proposed tuning model can not only estimate the joint torque
but also estimate the muscle activity.

V. CONCLUSION

The proposed model is a EMG-driven torque estimation
model. As EMG signals are difficult to be precisely measured
due to its unstable measurement circumstance and the
discrepancy between real and simulation conditions, the EMG
signals need to be tuned for estimating the joint torque.
Compared with the current mathematical torque estimation
models, the proposed model can precisely estimate both
torque and normalized muscle activity with the EMG signal
tuning model. The estimation of muscle activity is very
important to estimate the contribution of individual muscle for
the motion control. The EMG signal tuning is based on the
synergy mechanism between multiple muscles in the
cortico-spinal tract. Due to this process, the muscle activity
can be estimated much more similar to the real EMG signals
than the general individual tuning models. The simulation of
the proposed model makes use of the musculo-skeletal
forward dynamic model. With this model, the torque
estimation cost is lower than the mathematical model that
needs to estimate a number of parameters for the
musculo-skeletal ~ forward dynamic. Moreover, this
characteristic brings more robust versatility of torque
estimation in various conditions than the mathematical models
in Fig.4.

As muscle activities represent the final control signals from
the brain, the proposed system may be applicable to the
man-machine interface that controls the external device with

EMG signals. For the future work, we will apply this system
to a rehabilitation process for stroke patients and a device
aiding people with a physical disability.
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