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Abstract: Robotic-assisted rehabilitation therapy has been shown to be effective in improving upper
limb motor function and the daily behavior of patients with motor dysfunction. At present, the
majority of upper limb rehabilitation robots can only move in the two-dimensional plane, and cannot
adjust the assistance mode in real-time according to the patient’s rehabilitation needs. In this paper,
according to the shortcomings of the current rehabilitation robot only moving in the two-dimensional
plane, a type of bilateral mirror upper limb rehabilitation robot structure with the healthy side
assisting the affected side is proposed. This can move in three-dimensional space. Additionally, an
assist-as-needed (AAN) control strategy for upper limb rehabilitation training is proposed based
on the bilateral upper limb rehabilitation robot. The control strategy adopts Gaussian Mixture
Model (GMM) and impedance controller to maximize the patient’s rehabilitation effect. In the task’s
design, there is no need to rely on the assistance of the therapist, only the patients who completed
the task independently. GMM guides the rehabilitation robot to provide different assistance for
the patients at different task stages and induces the patients to complete the rehabilitation training
independently by judging the extent to which the patients can complete the task. Furthermore,
in this paper, the effectiveness of the proposed control strategy was verified by three volunteers
participating in a two-dimensional task. The experimental results show that the proposed AAN
control strategy can effectively provide appropriate assistance according to the classification stage of
the interaction between the patients and the rehabilitation robot, and thus, patients can better achieve
the rehabilitation effect during the rehabilitation task as much as possible.

Keywords: limb rehabilitation robot; assist-as-needed; Gaussian Mixture Model; robot-aided training

1. Introduction

According to the 2019 global health estimate report [1], stroke is the second leading
cause of death in humans. As a result of stroke, most patients’ limbs have different degrees
of motor dysfunction. According to the theory of plasticity in the brain, a certain number of
functional reorganizations of rehabilitation, combined with effective rehabilitation control
strategies, can restore limb movement function [2,3]. Clinical studies have shown [4] that
rehabilitation robots can effectively improve the motor function of the patient’s limb, and
even restore daily life movements.

For patients with motor dysfunction, the rehabilitation process mainly repeats a
movement for a long time, in order to strengthen the movement function of the damaged
parts of the body. However, continuing the same movement for a long time is exhausting,
and may make the patients produce negative attitudes, leading to a decrease in the level
of attention, and thus a reduction in the effectiveness of rehabilitation therapy [5]. How
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to promote patients’ active participation and improve their attention [6] has become a hot
topic in the field of neural rehabilitation research [7].

One of the most critical research areas of rehabilitation robotics is the development
of control strategies that can regulate physical interaction with patients to facilitate pa-
tient neuroplasticity so that patients with muscle weakness caused by nerve injury can
improve or recover movement [8]. Rehabilitation robots can provide repeatable and func-
tion orientation training, an important factor to enhance nervous system restoration. This
plays a significant effect in the treatment process, but [6] suggests that the rehabilitation
robot consistently interacts with patients in a passive motor manner, with no significant
improvement in the later stages of stroke patients. This suggests that improving patient
motor recovery requires active patient involvement. For patients with partial movement
ability, the minimum assistance controller strategy has proved to have more effective results
through active assistance movement, providing patients with a minimum assistance con-
troller. This is called an “assist-as-needed” (AAN) controller [8,9], and is usually operated
by a force field control or impedance control based on the position error to achieve [9].
Nonetheless, ANN’s disadvantage is that it cannot tell what position the patient is currently
in, and it is easy to provide assistance when the patient does not need assistance, leading to
the patient’s state of slackness.

The AAN controller is adjusted according to the limb’s ability to then adjust the
intervention of the assistance, and different techniques have been used to identify the
patient’s remaining ability to input this into the control strategies. In the paper [10], before
controlling the robot, muscle electromyography signals are used to estimate the subjects’
torque and then used as an input to the controller. However, because electromyography
signal processing has some difficulties, electromyography signals are most effective when
used to trigger specific actions. In the paper [5,7], electroencephalogram signals are used to
identify the patient’s intent, and through the analysis of electroencephalogram signals, the
human thinking mechanism can be obtained to monitor in real-time the state of the patients,
which can further adjust the training strategy, so as to improve the patient’s attention
and speed up the recovery. Nonetheless, the electroencephalogram is vulnerable to the
interference of environmental factors. Moreover, the attendance requirement of the subjects
is relatively high. At present, physical information during human-computer interaction is
commonly used to estimate the subject torque, such as force sensor information [11] and
position information [12,13] to estimate the input of the subjects or physical information
in different motion states of robot interaction with the external environment to design
different stability control strategies in stages [14]. However, the force sensor needs to select
the maximum, minimum and average value of force information combined with EMG
information as the mechanical signal characteristics and location information needs to
be assisted by visual display, along with tracking error adjustment for patients, so the
input estimation of subjects by the controller designed above cannot express the intention
of subjects.

Technologies, such as machine learning, artificial neural networks, and fuzzy logic
systems have been considered as feasible technologies for developing adaptive control
systems. In order to solve the shortcomings of the current AAN control strategy, this paper
implements the AAN control strategy based on the Gaussian Mixture Model (GMM), an
AAN controller that changes the control strategy according to the degree of task completion
by patients, will be proposed. By learning and calculating the interaction information
between the patients and the robot, the corresponding assist strategy is designed.

GMM is a type of probability density function that requires less data to obtain good
results and does not require any prior knowledge, compared with other commonly used
techniques, such as a neural network [15] providing faster regression [16], which is widely
used in data modeling. The model can parameterize a set of data points and its underlying
functions into a weighted sum of the Gaussian component density, each of which has its own
mean and covariance. Due to the simplicity of Gaussian functions, strong adaptability and
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the advantages of generative modeling, GMM has been widely used in robot demonstration
learning (LFD) [17-19].

In order to prove the effectiveness of the proposed control strategy, we carried out
experiments on the developed end-effector upper limb mirror rehabilitation robot, and the
relevant contributions are as follows:

(@) Inorder to restore the upper limbs of patients with motor dysfunction, we developed
a new end-effector upper limb mirror rehabilitation robot. Patients can use the robot’s
arm to provide rehabilitation trajectory for the patient’s impaired limb (PIL), making
patients have the maximum freedom with the rehabilitation trajectory, meanwhile, the
movement trajectory of the robot’s side mechanical arm can more accurately reflect
the patient’s movement intention.

(b) The AAN control strategy based on GMM was developed. The strategy can determine
the stage at which the patients need assistance depending on how much the patients
complete the task each time, and give appropriate assistance in the next task. If it
appears in the process that the patients in rehabilitation are not comfortable, we can
at any time change the PIL trajectory using the patient’s functional limb (PFL), and
prevent secondary damage to patients, to achieve the best results of rehabilitation.

(c) We specifically verified the proposed control strategy method to evaluate the partici-
pants’ ability to participate in the task, and used EMG signals to obtain the activation
degree of the subjects’ muscles during the task, and verified the effectiveness of the
AAN control strategy based on GMM for rehabilitation through the study of the
subjects.

2. Materials and Methods
2.1. Overall Design of the Mirror Upper Limb Rehabilitation Robot

Aiming at patients with upper limb motor dysfunction, this paper developed a type
of end-effector bilateral mirror upper limb rehabilitation robot device, which has three
degrees of freedom and can guide patients” arms to carry out rehabilitation training in a
three-dimensional space trajectory (Figure 1).

Rotary mechanism

Angle sensors

Motor2
Healthy side
manipulator Motorl
Affected side
manipulator
Motor3

Figure 1. Overall design of mirror upper limb rehabilitation robot.

The mirror upper limb rehabilitation robot designed in this paper is mainly composed
of a healthy side manipulator, affected side manipulator, and rotary mechanism. The
affected side manipulator is driven by three motors with a force sensor at the end of the
affected side manipulator, and the healthy side manipulator is driven directly by the PFL.
In order to facilitate the calculation of the end position of the healthy side manipulator, the
three angle sensors are installed at its three joints (Figure 1). The manipulators on both
sides are designed based on anthropometric theory [20,21], which can drive the shoulder
and elbow joints of the human body.

Because the rehabilitation robot design object is different for hemiplegia patients,
according to the patient’s stroke position (right or left upper limbs), the rotary mechanism



Machines 2022, 10, 76

40f16

and bilateral mechanical arm can make the corresponding rotation adjustment, and the
distance between the base is adjustable and suitable for different patients with shoulder
breadth. In addition, in order to facilitate people of different heights, the location of the
seats can be adjusted freely. Considering the connection and comfort between the patient’s
hand and the end of the robot, retractable trays and straps are specially designed to suit
the patients. The display screen is placed on the opposite side for the patients to facilitate,
which is convenient for the patients to interact with the designed virtual scene and can
enhance the rehabilitation effect of the patients.

2.2. Kinematics and Dynamics Modeling of the Mirror Upper Limb Rehabilitation Robot

As shown in Figure 1, in the process of rehabilitation training, the structures of both
robotic arms are symmetric, so only one side of the robot needs to be modeled. The forward
kinematics analysis in this paper mainly studies the conversion relationship between the
relative coordinate system of the handle and the world coordinate system. The origin of
the world coordinate system of the rehabilitation robot is set at joint 1 of the manipulator
(as shown in Figure 2). According to the DH parameter method, the coordinates and
DH parameters of the manipulator’s connecting rod are shown in Figure 2 and Table 1,
respectively. The transformation matrix of the handle coordinate system in the world
coordinate system is shown in Equations (1) and (2).

Figure 2. Coordinates of each joint of the affected side manipulator.

Table 1. DH parameters of the manipulator.

Link i 9,‘ K1 a1 d,'
1 61(90") 0° 0 0
2 62(0") —90° 0 —dq
3 65(0°) 0° a 0
4 94 (00) 0° ap —d2

_ | My ooy ay py @D
ny 0z 4z Ppz
0O 0 0 1

10 = T1(7 @) @

where g is the joint position, [n,0,a] and P are the direction matrix and position vector of
the end of the manipulator in the world coordinate system, respectively.
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The dynamics of the combination of a mirror rehabilitation robot and the human body
can be expressed by Equation (3)

M(q)q+C(q,9)9+G(q) +F(q) =T+ ] (q)F ®3)

where g, 4, g € R respectively on behalf of the angle, angular velocity and angular accelera-
tion of the mechanical arm joints, M(g) € R™*" is the inertia matrix, C(g,4) € R™*" denotes
the centrifugal and Coriolis matrix, G(q) € R" is the gravity vector, F(g) € R" denotes the
friction vector, T € R" denotes the vector of robot joint torque, J(g) is the Jacobian matrix,
and the F; is the external force vector exerted by the user on the end of the robot. It is
measured by the robot terminal force sensor.

Many robot control methods can be realized based on the robot dynamics model, such
as position control, torque control and impedance control, among which impedance control
is a classical control method [22]. In rehabilitation assistance, the method of trajectory
tracking combined with impedance control can be used to help patients perform the
required tasks, and the assistance force can be changed according to the rehabilitation
process and the patient’s situation and degree of participation. In the mirror rehabilitation
strategy proposed in this paper, the expected reference impedance model defined for the
mirror rehabilitation robot system is that the trajectory of the PFL is taken as the input of
the system, and then the rehabilitation robot uses its position tracking controller to respond
and track. To facilitate expression, impedance control of the mirror rehabilitation system in
Cartesian space can be expressed as:

Mdes (j&des - j.Ctm‘) + Bdes (xdes - J.Ctm’) + Kdes(xdes - xtﬂ?’) =F—-F (4)

where x4, is the trajectory of the PFL as the expected trajectory, x, is the actual position
trajectory of the PIL; M, B and K are the virtual mass coefficient matrix, virtual damping co-
efficient matrix and virtual stiffness coefficient matrix required by the reference impedance
model, respectively, F is the force exerted by the end-effector of the manipulator, and F; is
the external force exerted by the user on the end of the robot. In order to have different
impedance characteristics in different directions of the motion space, the above parameters
can be replaced by matrices. The control goal of the rehabilitation robot is to track the
response of the impedance model, that is x4 to x4,5. Once the PIL deviates from the target
position of the PFL, the controller will apply assistance force to the robot arm.

With upper limb motor dysfunction in the prophase and metaphase stages of reha-
bilitation there is usually no activity, or only part of the activity ability—the upper limb
muscles cannot fully support upper limb rehabilitation training tasks. Patients who have
activities of consciousness, but cannot complete the training task alone, to a large extent,
hindered the recovery of upper limb movement function [23]. Therefore, when patients
are unable to complete rehabilitation training tasks, rehabilitation robots are needed to
assist patients with completing these training tasks. In general, in rehabilitation training,
a patient’s upper limb speed is relatively slow. Studies have shown that slow training is
more beneficial to the recovery of upper limb movement than fast training [24], so in reha-
bilitation training, sports location is more important than speed in patients [22]. According
to the impedance control Equation (4), assistance force and the deviation of the relationship
between the end of the robot can be simplified as:

K(xdes - xtar) = Fgssist ®)

2.3. Gaussian Mixture Model

The Gaussian Mixture Model (GMM) is used to accurately quantify things using the
Gaussian probability density function. The data can be classified into several models
based on the Gaussian probability density function and trained using the expectation-
maximization (EM) algorithm. Compared with other classification models, GMM can give
the probability of a sample for all categories. Therefore, GMM can not only be used for
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classification, but also for the estimation of probability density, which can simulate the
variability of performing tasks in various experiments. In most cases, capturing a sequence
of human movements requires multiple Gaussian values to model the task, which is why
GMM is used [25].

2.4. AAN Control Strategy Based on GMM

During a stroke patient’s recovery, spasms occur [26] and the muscle tone will increase
at this time. In order to alleviate the patient’s muscle tension, we need to assist the
patient’s limb stretching. Hence, this paper designed a circle task, and with a long time of
rehabilitation training, the patients easily produced fatigue or slack from negative emotions,
reduced their willingness to recover, and affected the positive effect of rehabilitation.
Nonetheless, in order to focus the patient’s attention and improve active participation,
this paper proposes an AAN control strategy based on GMM, which can, according to the
current position of the PIL of the patients, allow for the rehabilitation task stage of the
patients to be judged, so as to give appropriate assistance according to the different task
stages of the patients.

First, N points were uniformly sampled from the affected side of the mechanical
arm trajectories and force sensor of the rehabilitation robot to construct the data set of
GMM classification:

N
X = {XiIYi/FXi/FYi € Rn} i=1 (6)

where X;, y; represents the coordinates of the i th point at the end of the manipulator in
Cartesian space, Fx;, Fy; represents the value of the force sensor at the corresponding
coordinates of the end of the manipulator, and X represents the collected data set.

GMM can be expressed as follows:

K
p(X) = ) mN(Xw;, ) ) @)

i=1
N(X|u;, Y,) = ! o= 2 (=) T T (X—w)) 8)

(2m)P ||

Equation (8) shows multiple (p + q + 1) dimensional gaussian probability density
function (PDF); the parameters in Equation (7) also include prior weight 7t;, mean value w;
and covariance matrix };, among which N(x|p;, };) is the K th component in the mixed
model. In this paper, two classification stages are designed to be represented by Gaussian
distribution, namely, the active recovery stage and the passive recovery stage, thus K = 2,
7 is prior weight and meets the requirements.

Yy m=1LVi0<m<1 )

Finally, the expectation-maximization (EM) algorithm [27] is used to train the mixed model.
Figure 3 is the control strategy block diagram design based on the GMM algorithm, in
which GMM is used to classify task X completed to obtain the active and passive rehabil-
itation stage. When patients performed the task again, we determined the classification
region of the phase in which the current position is located and modified the stiffness coef-
ficient K using Equation (5) to adjust the assistance force. If in the area of active recovery,
the PIL position of the patients does not provide assistance even if it is far from the PFL
position; if in the area of passive recovery, according to the design of the position tracking
controller Equations (10) and (11), the controller will provide assistance force according
to the difference between the patient’s PIL position and PFL position, to complete the

rehabilitation task.
K = Kin + (Kmaxl - Kmin>(P (10)
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Actual location
of the healthy
side end(x,y,z)

Actual location
of the affected
side end(x,y,z)

¢ = _ €~ Cmin (11)
€max — €min

where Kj;4y and K, are the maximum and minimum values of virtual stiffness respec-
tively, ejay and ey;,, are the maximum and minimum values of the specified error range
respectively, the maximum and minimum of K and e can be adjusted according to the
needs of the patient’s rehabilitation training task. Therefore, by adjusting the maximum
and minimum value, different assistance force fields can be constructed; the ¢ is the error
between the coordinates on both sides of the mechanical arm.

Healthy side
forward manipulator
kinematic encoder angle

91+ 92« q3

Gravity
compensation
Adaptive controller

Virtual environmen

The affected side
end force sensor

eq(10). (11). (12)

Friction
compensation

Affected side

forward manipulator
kinematic encoder angle
91+ 92« q3

Figure 3. The e is the error between the coordinates on both sides of the mechanical arm, t1, T2, T3
is the torque of the three joints of the affected side mechanical arm, Fs is the information of the
force sensor. The control strategy of the end-effector bilateral mirror upper limb rehabilitation robot
mainly includes the adaptive impedance controller, GMM algorithm, gravity compensation and
friction compensation. The cartesian position at the end of the robotic arm is calculated by the
forward kinematics of each joint angle of the mechanical arm. The GMM algorithm identifies the task
classification map based on each task completion and then guides the adaptive controller to provide
the appropriate assistance moment.

When the rehabilitation robot switches from the active recovery position to the passive
recovery position, K value suddenly changes, leading to assistance force mutations. This
kind of circumstance is not safe for the patients, hence, the need to design a type of
transition function. The K value can be slow to transition between the two different states.
This paper uses the minimum jerkiness trajectory [28] to design a transition function. This
theory is applied to wrist rehabilitation training to produce as smooth hand movement as
possible [29]. Based on the minimum jerky trajectory, this paper designs an Equation (12)
suitable for the slow transition of K value.

K(t) = Kunin + (K2 — Kpin) ¥ lm(;)a - 15(%)4 + 6(,;)51 (12)

where Kphip, is the value set at the active recovery position, K is the value calculated at the
passive recovery position, K(t) is the actual value, T is the total transition time set at 1 s,
and t is the current time.

3. Experiment
3.1. The Subjects

In this paper, the study involved three healthy male subjects (mean age of 25, mean
height of 175 cm) with no known neurological impairment. All procedures were carried out
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Healthy side
manipulator

Angle sensor 2

Angle sensor 1

Angle sensor 3

<€ -

in accordance with the standards set out in the Declaration of Helsinki for medical research
involving humans, and the study was approved by the local medical ethics committee.

3.2. Rehabilitation Robot Experimental Platform

In this study, a self-designed end-effector bilateral mirror upper limb rehabilitation
robot device was used. The rehabilitation robot has two mechanical arms, one is a mechani-
cal structure, and the internal spring is helpful for the flexible movement of the mechanical
arm, which interacts with the volunteer’s PFL; the other side of the robot arm contains
three motors to drive the volunteer’s PIL movement, which interacts with the volunteer’s
PIL to help patients achieve spatial rehabilitation tasks (Figure 4). During the experiment,
volunteers sat directly opposite the rehabilitation robot. The virtual environment used in
the experiment (Figure 5) was developed by Unity. The volunteer’s right arm mimicked
the PIL and their left arm mimicked the PFL.

Retractable tray
Display screen
Force sensor

—> Affected side
manipulator

— - - =

Motor2

Motorl

Motor3

> Rotary mechanism

> Control center

Figure 4. The prototype of the mirror upper limb rehabilitation robot.
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Motor 1~3 Signal acquisition card

Data acquisition module

Figure 5. Block diagram of electrical system of the mirror upper limb rehabilitation robot.
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In order to verify the mechanism design and control strategy of the rehabilitation robot
designed in this paper, the electrical system and human-computer interaction interface of
the robot are also designed. Figure 5 is the block diagram of the electrical system of the
rehabilitation robot, which mainly includes the control center module, human-computer
interaction module, data processing module, and data acquisition module.

The core function of the control center module is to run the control program, carry
out TCP/IP communication with the human-computer interaction module and the data
processing module, transmit the physical information needed, and carry out EtherCAT
communication with the data acquisition module, accept and send operation instructions,
and realize the coordinated control of the robot. The human-computer interaction module
communicates with the control center, which is mainly used for doctors to set the rehabilita-
tion parameters of patients, and displays the current position of the end of the robot on the
main interface, using visual feedback to interact with patients. Through communication
with the control center, the data acquisition module mainly collects signals from motor
encoders, force sensors and angle sensors to identify the patient’s current position and
motion intention, and read the rotation angle and angular velocity of motion. The data
processing module communicates with the control center, mainly carries on the down-
sampling processing to the collected physical signals, and then uses the GMM algorithm to
process and transmit the necessary information to the control center.

Stretching exercises are usually part of rehabilitation exercises. For simplicity, this
training task is designed to draw a circle in a two-dimensional cartesian plane with the
starting coordinates of (0.4, 0, 0) m, the center coordinates of (0.5, 0, 0) m, and the radius of
0.1 m (Figure 6). Studies have shown that slow training can improve the recovery of upper
limb movement more than fast training, so the virtual mass parameter is set as M = 0 and
the virtual damping coefficient is set as B = 0.

/Nﬁonooooooc% “
\
./ \_/

Figure 6. Virtual environment Task.

3.3. EMG Signals Are Used to Verify the Effectiveness of the GMM Algorithm

The experiment was carried out by a healthy volunteer aged 25 years and measured
175 cm tall. During the experiment, the volunteer sat opposite the rehabilitation robot and
placed a screen in front of it to display the designed virtual environment, and visually
induced the volunteer to do tasks (Figure 7).

or Deltoid

Figure 7. Subject participated in the drawing circle task experiment.
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In the experiment, the DelsysTrigno device was used to collect EMG signals, and
the sampling rate was 1927 Hz. The control period of the rehabilitation robot system
was 1 ms. During the interaction between the volunteer and the rehabilitation robot, the
position information and force sensor information of the affected side of the robot arm were
collected, and the emG signals of the volunteer’s biceps brachii, triceps brachii, anterior
deltoid and posterior deltoid muscles were collected at the corresponding time.

This experiment asked the volunteer to achieve the two different states in the two
groups of experiments. In the first group of experiments, the volunteer was asked to
simulate the state of a healthy person to interact with the robot; in the second group of
experiments, the volunteer was asked to simulate the state of a patient to interact with the
robot. The initial position was set in the distal circle, as shown in Figure 6. The volunteer
adjusted their state according to the terminal real-time trajectory displayed on the screen,
and the speed should not be too fast. Each group of experiments carried out five circle
drawing tasks. When the GMM algorithm is used for classification, the size of data will
affect the processing speed, so the sampling rate in the system is reduced to 20 Hz to
improve the processing efficiency.

As the time for the volunteer to complete the task could not be guaranteed during the
experiment, there was no periodic correspondence between the EMG signals of the two
states in Figure 8. As can be seen from Figure 8, the EMG signal values of the simulated
patient are generally higher than that of the healthy subject, which is due to the presence of
the volunteer’s simulated muscle tension. The anterior deltoid and the posterior deltoid
muscles in the two states of the volunteer are the same under the overall trend, so only
the analysis of the biceps brachii and the triceps brachii occurred. Figure 8 showed that
the exercise cycle was about 11-12 s. As can be seen from the EMG signals of biceps
brachii and triceps brachii, the EMG signals gradually increased during 0~6 s at each cycle,
corresponding to the blue area in the upper half of the circle (y > 0). In Figures 9 and 10,
the volunteer actively contracts his arm, at this time the EMG signal of the biceps brachii is
higher in the healthy subject than in the patient, and those of the triceps brachii is lower
in the healthy subject than in the patient. In 6~12 s of each cycle, the EMG signal of the
healthy subject showed no obvious increase in the biceps brachii, but an obvious increase in
the triceps brachii, corresponding to the blue area in the lower half-circle (y < 0) of Figure 9,
however, the EMG signal of the patient showed that the EMG signal of the biceps brachii is
further increased and that of the triceps brachii decreased, corresponding to the red area in
Figure 10 in the lower half of the circle (y < 0). At this time, the EMG signal of the biceps
brachii is lower in the healthy subject than in the patient, and those of the triceps brachii is
also lower in the healthy subject than in the patient.

To analyze the reasons for the above phenomena, when the volunteer completes the
task of drawing a circle, the arms contracting (y > 0) relies mainly on the biceps brachii.
Therefore, the biceps brachii of the healthy subject will actively contract and activate, and
the patient’s biceps brachii—because of their upper limb muscle paralysis—cannot activate;
the triceps brachii was forced to stretch, and hence, in each cycle of 0~6 s the EMG signal
of the biceps brachii is higher in the healthy subject than in the patient, and those of the
triceps brachii are lower in the healthy subject than in the patient. Arm extension (y < 0)
relies mainly on the triceps brachii, and therefore the triceps brachii of the healthy subject
will actively contract and activate, while the patient cannot activate the triceps brachii.
Furthermore, the biceps brachii was forced to stretch, and hence, in each cycle of 6~12s,
the EMG signal of the biceps brachii is lower in the healthy subject than in the patient.
Additionally, the triceps brachii muscle signal increased in the healthy subject, while the
triceps brachii muscle signal directly decreased in the patient. The experiment showed that
the patient simulated by the volunteer was actively completing the task in the blue area,
while in the red area, due to the presence of muscle tension, passively completing the task
would increase the muscle tension of the biceps brachii, thus hindering the completion of the
rehabilitation task. The effectiveness of the GMM classification was verified by comparing
the EMG and GMM classification of tasks completed by the volunteer in this experiment.
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Figure 8. Volunteer simulated healthy person and patient EMG signals.
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Figure 9. The volunteer simulates healthy people to interact with the robot, in which the blue part is
the active rehabilitation area and the red part is the passive rehabilitation area.

. 015 015 0.1
e ~ PR s Uy (e
/ \ A S -,
P H 0.075¢ a % 0075 / i 0.075¢
/ i / | | |
{ $ ~ I 7 = H
| Eof Eo Eof 3
| = ! = = i
N, { {
gy o \ o X, il
0075} \ s 075} LN 0,075} . /
I b .
N’ s S -
s " 015 . 015 . . g 015 . . :
0575 065 725 08 5 0575 065 725 08 0575 065 0725 08 05 0575 065 25 08
X(m) X(m) X(m) X(m)

Figure 10. The volunteer simulates a patient to interact with the robot, in which the blue part is the
active rehabilitation area and the red part is the passive rehabilitation area.

3.4. AAN Control Strategy Experiment

In the design of the controller, after the subjects’ first task, the GMM algorithm can
identify areas where the subjects need and do not need assistance. When the subjects started
the second task, the controller will judge the area where the subjects are currently located
and only provide necessary assistance according to the AAN strategy. After the subjects’
second task, the GMM algorithm would continue to identify the state of the subjects
completing the task. In order to verify the effectiveness of the designed controller, the online
experiment was completed by a healthy volunteer aged 24 years and measured 172 cm tall.
During the experiment, the volunteer was asked to simulate a patient interaction with the
robot (drawing a circle task).

Table 2 shows the subject in the active and passive rehabilitation area of each task
period, and corresponds to the error of the mean value and mean assistance force. Although
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the mean error of the active rehabilitation area is larger than the mean error of the passive
rehabilitation area, the mean of the active rehabilitation area assistance force is much
smaller than the mean of the passive rehabilitation area assistance force.

Table 2. Mean error and mean assistance force of subject at different classification stages in each
task period.

Period 1 Period 2 Period 3 Period 4 Mean

Active rehabilitati Mean error (m) 0.0215 0.0107 0.0104 0.0165 0.0148
ctive rehabilitation Mean assistance force (N) 0.4210 0.1939 0.1610 0.4970 03182
Passive rehabilita Mean error (m) —0.0076 —0.0153 —0.0159 —0.0069 —0.0114
assive rehabilitation Mean assistance force (N) —35117 —6.3841 —6.7778 —6.6934 —5.8418

Figure 11 shows GMM classifies the task completion status of volunteer. Figure 12
shows one period in which the subject completed the task, at 2-5 s. The GMM algorithm
identifies the area where the subject is in active rehabilitation (the blue area in Figure 11),
so within this area, even though there is a large error between the two sides of the subject
(0.04m> lex| >0.03m,0.02m > ley! > 0.015 m), and the controller does not provide
much assistance force (0 N < |Fx| <2 N, 0 N < |Fyl| < 0.5 N), only when the end
of the subject is in the passive rehabilitation area (the red area in Figure 11) will the
controller be designed according to the error generated between the two sides of the subject
(0.02m < lex| <0.03m,0.01 m < ley| <0.015 m). This provides suitable assistance force
(I5N < IFxl <10N, 25N < |Fy| <1 N) to help the subject to complete the task.

O Active rehabiitation
8 - O Passive rehabilitation

Time(s)

" o078

<" 06

Y(m) 02 o5 X(m)

Figure 11. GMM classifies the task completion status of volunteers, in which the blue part is the
active rehabilitation area and the red part is the passive rehabilitation area.

F(N)
e(m)

0015 -15
0

Time (s)

Time (s)

Figure 12. Bilateral error and assistance force in the X and Y-axis direction of the task. The blue line is
the error in each axis direction between the two sides, and the red line is the assistance force in each
axis direction.
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Time(s)

Y(m) 02

Figure 13 shows the different classification states that GMM can achieve accord-
ing to the degree of active task completion of the subject, which further proves that the
GMM algorithm can identify subjects simulating different muscle tension and provide
corresponding assistance.
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Figure 13. (a—c) shows the different states that the GMM can achieve, in which the blue part is the
active rehabilitation area and the red part is the passive rehabilitation area.

3.5. Security Verification

During the interaction between the patients and the rehabilitation robot, when PIL
switches from the active rehabilitation position to the passive rehabilitation position, the
sudden change of K value will lead to the mutation of the assistance force, which is not safe
for the patients. Therefore, according to the transition function designed by Equation (12).
The experiment was completed by a healthy volunteer aged 26 years and 178 cm in height.
During the experiment, the volunteer was asked to simulate a patient interaction with the
robot (drawing a circle task). During the movement of the experiment, Figure 14 shows
the change of K value when the active rehabilitation position is switched to the passive
rehabilitation position.
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Figure 14. The change of K value when the active rehabilitation position is switched to the passive
rehabilitation position. The left part is the active rehabilitation area, the middle part is the transition
area, and the right part is the passive rehabilitation area.

In Figure 14, the red line K1 represents the real-time K value, the green line K2
represents the calculated K value, and the blue line F represents the change in the real-time
assistance force. As can be seen from Figure 14, at about 0.3 s, the real-time K1 value
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begins to transition from the initial value of the active rehabilitation position to the K2
value calculated from the passive rehabilitation position, and one second later, the actual
K1 value transitions to the calculated K2 value, at which point K1 = K2. It can be seen from
this experiment that the designed transition function ensures the safety of the system and
prevents the sudden change of K value from causing a surge in assistance force, which
leads to risk with subjects.

4. Discussion

The AAN strategy is a relatively common assistance strategy in rehabilitation treat-
ment. Nonetheless, the traditional AAN only succeeds in identifying whether the patients
are currently able to complete the task [8,9]. The identification of the remaining ability
of patients is more complex [5,7,10], without further identifying whether the patients are
in a state of needing assistance when completing the task, which has great limitations.
Nonetheless, because of the advantages of the GMM algorithm in data modeling [15], and
how GMM has been successfully applied in robot demonstration learning [16-18], this
paper proposes an AAN control strategy based on GMM in order to solve the problem
of whether patients need assistance when completing tasks. Firstly, a new end-effector
bilateral mirror upper limb rehabilitation robot was designed for patients with upper limb
motor dysfunction, differentiating it from other upper limb rehabilitation robots [18,21]
that can only be provided by the virtual environment, which cannot accurately express
the real intention of the patient. Furthermore, with the upper limb rehabilitation robot
proposed in this paper, patients could use the robot PFL to provide rehabilitation trajectory
for PIL. Secondly, a new rehabilitation robot is a proposed AAN control strategy. Different
from the traditional AAN control strategy, which only identifies whether the patients can
complete the task at present [8,9], the recognition means the remaining ability of the patient
is relatively complex [5,7,10]. In this paper, the GMM algorithm was used to classify the
physical information of patients when they completed the task, and the results enabled
us to guide the adaptive change of robot assistance force according to the degree of the
patient’s participation; its advantage is that it can provide patients with as much assistance-
as-needed (AAN). Finally, in order to induce the patient to recover, we designed a circular
motion trajectory for the patients in the virtual environment. During the task, the AAN
strategy can only provide the patients with assistance when necessary and according to the
active participation degree that the patients can provide, allowing the patients to complete
the task autonomously.

Compared with traditional rehabilitation robot assistance strategies, the proposed
AAN control strategy for the bilateral upper limb mirror rehabilitation robot has the follow-
ing advantages: The movement trajectory of PFL can more accurately reflect the patient’s
movement intention; the AAN control strategy designed, based on GMM, can determine
the areas that patients need assistance according to the degree of active participation of
the patients; and although the rehabilitation robot designed in this paper can carry out
rehabilitation training in three-dimensional space, this paper restricts the trajectory to a
plane for subjects to better feel the assistance force. However, the controller proposed in
this paper does not depend on the design of the training trajectory, and its performance has
no influence on any spatial trajectory.

5. Conclusions

In this paper, a new bilateral upper limb mirror rehabilitation robot is designed, and a
new AAN control strategy is proposed. The GMM algorithm is used to identify the current
rehabilitation task stage of the patients, so as to provide appropriate assistance force. At
the same time, the control strategy combines the virtual environment to mobilize the
enthusiasm of the patients. The experimental results show that the proposed AAN control
strategy can effectively provide appropriate assistance according to the classification stage
of the PIL in the actual interaction between the patients and the rehabilitation robot. This is
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so the patients can better achieve the rehabilitation effect during the rehabilitation task as
far as possible. Future work will focus on the performance of this strategy in clinical trials.
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