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Abstract. In this paper, a surface Electromyography (sEMG)-based compliant
rehabilitation training method for the end traction upper limb rehabilitation robot
is proposed. The sEMG signal of the forearm and upper arm on the affected side
of the human body is collected by the electromyography sensor, and the sEMG
signal is used to perform real-time force recognition through the end force esti-
mation model, and the estimated force is used as the interactive force input in the
admittance controller. Linear and circular compliance training trajectories were
planned, and impedance parameter characteristics were analyzed to obtain admit-
tance control parameters suitable for upper limb passive rehabilitation training.
The results show that the force estimation method based on sEMG, combined
with the compliance control strategy, improves the interactive ability of upper
limb rehabilitation training, ensures the personal safety of users, and makes the
training more scientific and effective.

Keywords: End traction · sEMG · Force estimation · Admittance control ·
Human-computer interaction

1 Introduction

Stroke is the leading cause of death and disability among Chinese residents, and its mor-
bidity ranks first in the world. It has the characteristics of high morbidity, high mortality
and high disability rate [1]. In China, one person has a stroke every 12 s, and one person
dies of a stroke every 21 s [2]. Stroke survivors all have different degrees of motor dys-
function, and 80% of them have upper limb dysfunction [3]. Clinical studies have shown
that rehabilitation training can effectively promote the functional recovery of patients.
The traditional rehabilitation treatment is mainly a one-on-one, hand-in-hand way for
therapists to rehabilitate patients, whichwill inevitably increase theworkload of rehabili-
tation therapists [4, 5]. Rehabilitation equipment is needed to relieve thework pressure of
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rehabilitation therapists. Most of the traditional rehabilitation equipment adopts passive
rehabilitation training and lacks the ability of human-computer interaction.

At present, many studies have been carried out on human-robot interaction methods
for rehabilitation robots. Among them, sEMG is used in human-computer interaction in
rehabilitation therapy and has achieved good evaluation because it has the characteristics
of producing ahead of limb movement, and patients with complete upper limb hemiple-
gia can also produce EMG signals [6]. The upper limb rehabilitation robotic arm system
developed by Harbin Institute of Technology collects the sEMG of the four muscles of
the unaffected upper limb of the patient, and establishes the sEMG recognition model
through the AR parameter model and the BP neural network [7]. The upper limb rehabil-
itation device designed by Wu Jun of Huazhong University of Science and Technology
uses 4-channel sEMG signal for control, with active mode, passive mode and impedance
mode [8]. The power-assisted robot HAL developed by the Cybernics Laboratory of the
University of Tsukuba combines the joint torque estimated by sEMG and the lower limb
motion reference model to construct a hybrid autonomous control system of HAL. The
intention control based on sEMG makes the exoskeleton movement more flexible and
natural. With the help of HAL, the subject can not only carry out normal daily life, but
also complete more difficult tasks such as standing, walking, climbing, grasping, and
lifting heavy objects.

In summary, the use of sEMG to achieve joint continuous force andmotion estimation
can achieve the safety and compliance of human-computer interaction. At present, there
are few related studies and it has not been widely used. In this paper, a passive upper
limb training method based on sEMG is proposed. The sEMG signal of the affected
side is collected by the electromyography equipment, and the end force of the affected
side is estimated in real time through the end force estimation model. Use the estimated
force as the external force input to the admittance controller. Finally, the effectiveness
of the method is verified by training experiments on straight lines and circles. The main
contributions of this paper are as follows:

• Established a end force estimation model to achieve accurate force estimation for the
upper limb end force.

• By introducing sEMG signals in passive training, the passive training that can only
use the healthy side for interaction can be converted into passive interactive training
only using the affected side, making the training more scientific and effective.

2 sEMG-Based Compliant Rehabilitation Method

2.1 Experimental Paradigm

For the linear motion and plane motion commonly used in upper limb rehabilitation
training, the upper limb sEMG signal and force sensor data are collected during interac-
tion. sEMG signal acquisition was performed using a Myo armband. Considering that
the contact force is related to the upper forearm muscles, the Myo armbands are worn
at the positions where the forearm muscles are located. The wearing method is shown
in Fig. 1.
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Fig. 1. Wearing mode

The force sensor adopts the six-dimensional force sensor of the UR5e robotic arm,
which can measure the force and torque of six degrees of freedom, and the sampling
frequency can reach up to 500 Hz. The selected sampling frequency is 200 Hz and the
30004 port is used to read the real-time data of the UR5e robotic arm end position and
force sensor. Three male subjects (age: 23.7 ± 0.5 years old, mean ± SD) take part in
the experiment. Subjects completed 3 linear motion and circular motion experiments. In
the experiment, the Myo armband was used to collect the sEMG signal of the subject’s
right arm, and the sEMG information and the end force information of the robotic arm
were recorded at the same time.

2.2 Force Estimation

After feature extraction of the collected sEMG signals, the NMF method is used to
extract muscle synergy information, and the long-short-term memory neural network
model is used to establish a end force estimation model for continuous force estimation
during the interaction process (Fig. 2).

Fig. 2. Force estimation processing flow

After preprocessing the acquired sEMG signals, the EMG features for muscle syn-
ergy extraction were selected. It is generally believed that the level of muscle activity
and EMG time-domain characteristics are approximately linear. The EMG time-domain
features can be selected formuscle synergy extraction, andMAV features can be selected
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for subsequent muscle synergy extraction.

MAV = 1

Nt

Nt∑

i=1

xi (1)

In this experiment, the non-negative matrix decomposition method was chosen to
decompose for force estimation. The muscle activation level E can be expressed by the
synergistic element matrix W and the activation coefficient matrix H:

Em×n = Wm×r × Hr×n (2)

Where m is the number of channels collected by sEMG, n is the number of sampling
points, and R is the number of muscle synergy elements, which means that the muscle
activation level is decomposed into R synergy elements.

Considering that the force continuous estimation is a time-varying sequence, this
study chose to use a long short-term memory neural network model (LSTM) to build
the end force estimation model. In this study, the tensor flow framework is used to
build a force estimation model. The input of the model is the extracted muscle synergy
information, and the dimension is n*5*16, where n is the number of samples. The
network consists of five layers. The first layer is the LSTM layer, the second layer is the
dropout layer to avoid model over fitting. The third layer is the LSTM layer, the fourth
layer is the dropout layer, and the fifth layer is the full connection layer. The number of
neurons is 3, which is the force output in the x, y and z directions.

2.3 Impedance Control Strategy

The impedance control of the rehabilitation robot is to adjust the impedance parame-ters
tomake the force and position of the robot end conform to a certain dynamic relationship.
As an auxiliary robot, the rehabilitation robot is in direct contact with the human body
and should be safe and flexible. There are two methods to realize im-pedance control.
According to the realization method of target impedance, there are two methods, one is
the force-based impedance controlmethod, and the other is the position-based impedance
control method. Active compliance of the joint with force-based impedance control.

The force-based impedance control strategy detects the force on the end of the ro-
bot through the force sensor at the end of the robot, and then feeds the detected force
information to the control model, outputs the position deviation, and corrects the desired
positionXd.The admittance controller canbedescribed as a spring-damper-mass system:

Md
(
Ẍ − Ẍd

) + Bd
(
Ẋ − Ẋd

) + Kd (X − Xd ) = F (3)

Among them, Md, Bd, Kd are the inertia parameters, damping parameters and stiff-
ness parameters in the control model, respectively, F is the external environment force
of the robot end, X, Xd are the actual motion trajectory and expected motion trajectory
of the robot end.

For the linearmotion and circularmotion of the upper arm, different control strategies
such as tracking the given trajectory and dynamically adjusting the power assist are
proposed.
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In the passive training mode, the end of the rehabilitation robot drives the patient’s
arm to move along a given trajectory. For patients in the early stage of rehabilitation,
the muscle tension of the affected limb is high, which makes it impossible to complete
the passive training along the set trajectory, and it is easy to damage the affected limb
during exercise. It can be controlled by impedance. When the end is subjected to force
in the vertical direction of motion, it will make a compliant motion in the corresponding
direction to ensure safety (Fig. 3).

Fig. 3. Control strategy for tracking a given trajectory

Xd and X represent the expected trajectory and the actual trajectory of the robot.
The force F is obtained through the end interactive force estimation model, and it can
be converted into the position offset XF after passing through the impedance model, so
as to obtain the corrected position signal and input it to After the position control loop,
the rehabilitation robot is controlled by the position controller, and the position control
of the robot end is realized, thereby achieving the effect of compliant control.

In the assist training mode, it is hoped that the end assist of the rehabilitation robot
can be dynamically adjusted. The deviation between the expected force and the force
applied by the arm is regarded as the force provided by the end of the manipulator, and is
converted into a position offset through impedance control to realize dynamic adjustment
of power assistance. The patient can adjust the impedance parameters according to the
rehabilitation situation, and select the appropriate interactive force for booster training
(Fig. 4).

Fig. 4. Control strategy of dynamic adjustment assistance
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3 Results and Analysis

For linear motion in the tracking given trajectory strategy, the end of the robot applies
a vertical force F during the linear motion along a given direction, and the robot makes
an active compliant motion while performing linear motion in the original direction. �F
is the external force received, �l is the vertical motion direction vector, and the vertical
direction force is calculated by projection.

Fn = �F · �l∣∣∣�l
∣∣∣

(4)

Then get the position offset through impedance control:

Md�p̈ + Bd�ṗ + Kd�p = Fn (5)

Decompose into the x, y direction to get the corrected target position:
[
x
y

]
=

[
xd
yd

]
+ �p∣∣∣�l

∣∣∣
�l (6)

The target position is then sent to the position controller to achieve compliance
control in the corresponding direction. The force, motion position and trajectory diagram

Fig. 5. Force, position and trajectory diagram of linear motion
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of linear motion are shown in Fig. 5. It can be seen that when the applied force is
perpendicular to the motion direction, the end of the manipulator will be offset in the
corresponding direction.When the force is removed, the end of the robotic arm continues
to move in the original direction.

For circular motion, during the movement of the robot end along the circular trajec-
tory, a force F in the direction of the vertical velocity is applied, and the robot makes an
active and compliant motion while tracking the trajectory motion (Fig. 6).

Fig. 6. Calculation of expected position of circular motion

Considering the trajectory offset during the movement process, first calculate the
corresponding position on the circle through the current position:

[
x0
y0

]
=

[
a
b

]
+ r

�n
|�n| , �n =

[
x − a
y − b

]
(7)

Calculate the next target position:
[
xd
yd

]
=

[
a
b

]
+

[
cos θ − sin θ

sin θ cos θ

][
x0 − a
y0 − b

]
(8)

Calculate the radial force through projection, and then obtain the position offset
through impedance control:

Md�p̈ + Bd�ṗ + Kd�p = Fn (9)

Decompose to the x, y direction, update the target position:
[
x
y

]
=

[
xd
yd

]
+ �p

r

[
xd − a
yd − b

]
(10)

Then send the target position to the controller. The force, motion position and trajec-
tory diagram of linear motion are shown in Fig. 7. It can be seen that when the applied
force deviates from the center of the circle, the end of the robotic arm will deflect in
the corresponding direction. When the force is removed, the end of the manipulator
continues to complete the circular motion in the original direction.

In the dynamic adjustment assist strategy, the force F is obtained through the terminal
interactive force estimation model, and the deviation between the calculated F and the
set expected force Fd is as follows

{
Mx�p̈x + Bx�ṗx + Kx�px = fxd − fx
My�p̈y + By�ṗy + Ky�py = fyd − fy

(11)
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Fig. 7. Circular motion force, motion position and trajectory diagram

After passing through the impedance model, it can be converted into the position

offset �X = [
�px �py

]T
, so as to obtain the corrected position signal.

[
x
y

]
=

[
xd
yd

]
+

[
�px
�py

]
(12)

After inputting it into the position control loop, the position controller is used to
control the rehabilitation robot, realize the position control of the robot end, and realize
the dynamic adjustment of the power assist. Figure 8 shows the force, motion position
and trajectory of the dynamic adjustment assist strategy. It can be seen that when the
applied force is less than the expected force, the end of the robotic arm will apply
corresponding assistance.
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Fig. 8. Force, motion position and trajectory diagram of dynamic adjustment force strategy

4 Conclusion

In this paper, a passive upper limb training method based on sEMG is proposed. The
EMG signal of the affected side is collected by the EMG equipment, the end force of
the affected side is estimated in real time through the end force estimation model, and
the estimated force is used as the external force input of the admittance controller. A
compliant control strategy that tracks a given trajectory and dynamically adjusts the
power assist is proposed. Finally, through the linear and circular trajectory training
experiments, it is verified that the proposed method can realize the compliance control
in the upper limb training process.
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