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ARTICLE INFO ABSTRACT 

Received:  17/01/2025 This paper presents a method for controlling the motion of a 6-DOF upper 

limb rehabilitation robot based on electromyography (EMG) signal. A 

kinematic model has been determined by Denavit - Hartenberg (D-H) 

method. Due to the complexity of the robot mechanical structure, the 

inverse kinematics is addressed using the Jacobian method. Besides, the 

EMG signal is a physiological signal generated during muscle contraction, 

which is collected from a low-cost sensor interacted on the human arm, but 

noise is inevitable in the extracted data. Therefore, the method treats EMG 

signal noise using Butterworth filter and proposes a method to predict 

elbow joint angle based on EMG using zero crossing and Kalman filter. 

Finally, the proposed method is evaluated through simulation on MATLAB 

Simulink and experiments on a 6-DOF robot arm model. The experimental 

results show that the EMG signal processing method proposed is 

significantly effective and the upper limb rehabilitation robot based on 

EMG signals is feasible. 
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1. Introduction 

Nowadays, with the outstanding development of science and technology, the application of Robots 

in all aspects of life is of interest. According to statistics from the Vietnamese Ministry of Health in 

2022, there will be about 200,000 people suffering from strokes due to various causes, so the need for 

rehabilitation is very necessary [1], [2]. Rehabilitation robots come in many different types, depending 

on the mechanical design of the skeleton that can be attached to the upper limb as robot ARMin, robot 

CADEN7, actuator, control approach, the transmission mechanism is made by cable, can move in large 

spaces to enhance human mobility [3]-[5]. In the medical field, robots perform repetitive motion 

exercises for injured limbs. However, the structure of exoskeleton robot is special, so the calculation of 

robot's kinematics is of interest, for robots with different configurations, the authors used the Jacobian 

method along with the D-H axis placement method to solve the inverse kinematics problem for the robot 

[6]-[8]. Another approach based on human limb analogs, author Shuo Pei used the Pseudo-Inverse 

method together with the gradient descent algorithm to perform inverse kinematic calculations using the 

Jacobian matrix with directional priority and achieved results with the directional error of the actuator 

falling to 10-3 rad [9]. The method of solving inverse kinematics using Jacobian matrix with constraints 

on the motion of robot joints, the kinematic solution method uses the inverse from the Pseudo-Inverse 

equation, reducing the Gradient Descent to constrain the motion of the joints, the result achieved with 

the maximum error of the system is only about 0.05 degrees [10]. Besides, the remote robot control is 

also of interest, the control signal by EMGs is considered one of the most intuitive methods, directly 

describing the operation from natural human limbs based on the collected biological signals [11], [12]. 

In Yunxia Huo's 2023 study on EMG-based robot control intervention, it was shown that EMG based 

control intervention is more effective than conventional methods, focusing on identifying factors of 

muscle stiffness, adjusting intensity, and limiting overactivity during exercise [13]. The issue of research 

and development of remote-control systems, integrating EMG control signals in Robotics Operating 
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System (ROS) to perform motion control, estimating joint angles using mathematical models of human 

limbs in the problem of rehabilitation robots is also of interest [14]-[16]. The authors performed control 

of exoskeleton robot mechanisms with inverse kinematics solution method for multi-level serial robots, 

performed open-loop control of robot using CAN bus communication method to study control of a robot 

joint using EMGs signal, measure and process uncertain signals. 

The structure of this paper is organized as follows: describing the rehabilitation robot system, 

calculating the kinematics for the robot in section 2. Section 3 presents the EMG signal processing with 

noise filtering using a Butterworth filter and joint angle estimation using Kalman filter. Section 4 presents 

the experimental results of verifying the motion, EMG signals with a real robot model. Section 5 presents 

the conclusion of the proposed method. 

2. System description  

2.1. System model 

The overall model of the system includes two main functional blocks, master and slave which 

communicate with each other via the CAN network. The master block has the function of collecting and 

processing data collected from all external fields. The EMGs DFMotion robot sensor collects 

electromyographic signals attached to the skin or areas in contact with the muscle bundles to be 

measured. The Arduino Mega 2560 microcontroller collects analog signals received from the sensor and 

performs active noise filtering. The slave will take on the function of executing commands from the 

master, performing tasks in the user system interface, exporting and processing control values via Jetson 

Nano embedded computer. 

Motivation 

circuit
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Figure 1. System overview illustration 

2.2. Kinematic Analysus of Robots 

2.2.1. Forward Kinematics 

0X

0Z

1Z
1X

3X
3Z

5X

5Z

2Z

2X

4X

4Z

6Z

6X

7X

7Z

Reference axis
Y

BSd

SEd

EWd

WFd

X
Z

 

Figure 2. Image of placing the internal axis in the robot space. 

Table 1. DH parameter table 

i 
1i   1ia   id  i  

1 0 0 BSd  1  

2 -90 0 0 2  

3 90 0 SEd  3  

4 -90 0 0 4  

5 90 0 EWd  5  

6 -90 0 0 6 90   

7 0 WFd  0 0 

 

 

mailto:jte@hcmute.edu.vn


 

 

ISSN: 2615-9740 

JOURNAL OF TECHNICAL EDUCATION SCIENCE 
Ho Chi Minh City University of Technology and Education 

Website: https://jte.edu.vn 
Email: jte@hcmute.edu.vn 

 

 

JTE, Volume xx, Issue xx, mm/20xx (SWPEA2025)  3 
 

In rehabilitation robot system, the commonly used approach by researchers is the D–H parametric 

method and forward kinematics as shown in Figure 2. After establishing the joint coordinate system, the 

D–H parameter (Table 1) of each joint was determined using the adjacent joint coordinate system. 

2.2.2. Inverse Kinematics 

In this study, the Pseudo-Inverse method is used to solve the inverse kinematics for the 6-DOF robot 

exoskeleton arm and the Damped-least square (DLS) algorithm is used to improve the robot's workspace 

with the high frequency of singularities in the workspace. In addition, the application of the Gradient 

Descent (GD) method is an accompanying method that also helps to improve the computation time.  

Step 1: Determine the input values of the system: parameters of position and direction of the actuator 

Step 2: Calculate the error between the current position and the desired position of the actuator 

e d cx X X   (1) 

Where dx  is the desired set value of the actuator, consisting of three parameters of position and 

direction. 

Step 3: Perform an update of the Jacobian matrix with size 6 6xR  

Step 4: Invert the Jacobian matrix with Pseudo-Inverse and Damped Least Square methods 

† 2( )T TJ J JJ I   (2) 

Step 5: Determine motion constraints with the Gradient Descent algorithm 

 
2

6

1

1

6

i
i i

i i iMax

a
H

a










 
  

 
  (3) 

Where max min

2
i

a a
a

 
  
 

 is the average value of the working space corresponding to the 6 joints 

mentioned. From there the Gradient of equation (3) has the following form: 

 
     

1 2 6

...

T
H H H

H
  


  

    
   

 
 (4) 

Step 6: Update the angle of change of the Jacobian solution 

    † † †

v ev v v w ewJ x k I J J H J x       (5) 

Step 7: Perform condition check if not satisfied go back to step 1. 

3. EMG signal processing 

To perform EMG signal application in conditions with a lot of interference from environmental noise, 

we need to perform the procedures described in Figure 3 consisting of three stages: determining the 

sensor location, processing noise in the system, and building a joint angle estimator. 

 

Determine sensor 

placement

Process noise in 

the system

Build joint angle 

estimator

 

EMGs sensor 

position

 
           a) 

 
b) 

Figure 3. Electromechanical signal processing procedure Figure 4. Sensor location a) Drawing by Dr. Joe 

Muscolino, Excellence in online anatomy 

education; b) EMGs sensor placement. 
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3.1. EMG signal noise processing 

3.1.1. Determine sensor placement 

The sensor placement will start from the head of the shoulder blade where the Biceps muscle and the 

shoulder blade connect, the EMGs sensor will be placed about 13-15cm from the clavicle and is placed 

above the long head muscle bundle of the biceps branchia muscle. 

3.1.2. Processing noise signals on sensors 

EMG signals were collected at the Biceps muscle bundle during the elbow flexion/extension posture. 

The sampling frequency was 2000Hz for 40 seconds. The raw EMG signals were collected by Arduino 

Uno, and the data were stored by MATLAB 2022b software via UART communication. The signals 

obtained from the collection process included the raw EMG signal and two Fourier transforms before 

and after filtering. Figure 5b, the raw electromechanical signal has a useful frequency range of 20-

250Hz. The band-pass filter is designed based on this frequency range by combining a 4th order 

Butterworth high-pass filter with a cut-off frequency of 20Hz and a 4th order Butterworth low-pass filter 

with a cut-off frequency of 250Hz. The electromechanical signal after filtering in the time domain and 

the signal frequency spectrum after filtering noise are shown in Figure 6. 

 
a)  

 
b) 

Figure 5. Raw signal spectrum analysis a) In time domain; b) Frequency spectrum analysis 

 
a) 

 
     b) 

Figure 6. Frequency spectrum analysis of the filtered signal a) In the time domain; b) Signal frequency spectrum 

3.1.3. Design of digital Butterworth noise filter for experimental model 

The Fourier series analysis for raw electromechanical signals and determine the frequency range 

carrying useful information in the range of 20-250Hz. The digital filter is designed for signals using 

Arduino Mega 2560 to simultaneously perform two tasks of signal collection and processing, based on 

the sampling frequency in the process of collecting and processing electromechanical signals [17], [18].  
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Step 1: Determine the pre-distortion frequency 

c180f
=tan

f

 
  

 
 (6) 

Step 2: Determine the filter transfer function 

 
 
1

H s
D s

  (7) 

Step 3: Discretize the signal, where 
1

1

z
s

z


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
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...( )
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( ) 1 ...

b b z b zY z
H z

X z a z a z

 

 

  
 
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 (8) 

Step 4: Inverse transform in discrete domain 

1 2 0 1 2[ ] [ 1] [ 2] ... [ ] [ 1] [ 2] ...y n a y n a y n b x n b x n b x n             (9) 

Where y[n], x[n] is the current output and input signal at time n; y[n-1], x[n-1] is the current output 

and input signal at time n-1. From the above general steps, we have: 

Expression of 4th order low pass Butterworth filter, cut-off frequency 250cf Hz  

         

         

4 1,159 3 0,913 2 0,304 1 0,047 0

0,214 4 0,856 3 1,284 2 0,856 1 0,214 0

y y y y y

x x x x x

    

    
 (10) 

Expression of 4th order high-pass Butterworth filter, cut-off frequency 20cf Hz  

         

         

4 1,159 3 0,913 2 0,304 1 0,047 0

0,031 4 0,124 3 0,186 2 0,124 1 0,031 0

y y y y y

x x x x x

    

    
 (11) 

3.2. Estimating and processing EMG 

Zero Crossing method is one of the time domain signal feature extraction methods used to analyze 

the characteristics of electromechanical signals. Kalman Filter can be used as a signal value predictor at 

a certain time. The steps in Kalman Filter implementation are as follows: 

Step 1: Perform reading of the required data sample (200 samples) from the sensor 

Step 2: Determine the values of the sgn() and diff() functions from expressions (12) and (13) 

1,
sgn( )

0,

if x threshold
x

otherwise

 
 


 (12) 

1,
( )

0,

if x threshold
diff x

otherwise

 
 


 (13) 

Step 3: Zero-crossing feature was described, where, ZC  is the total number of times the signal 

amplitude changes in accordance with the preset condition, N is the number of samples in each segment, 

Threshold is the level of amplitude limitation, ix is the i th sample and sgn is the sign function of the 

product of ix , 1ix  . 
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 
1

1 1

1

sgn( )
N

i i i i

i

ZC x x diff x x


 



      (14) 

Step 4: The prediction step by updating the system's covariance matrix and prediction error (P) 

according to formulas (15) and (16), respectively. 

1
ˆ ˆ

k k k kx Ax Bu w

    (15) 

1

T

k kP AP A Q

   (16) 

Where A is transition matrix which relates current kx and previous estimation 1kx  . B is matrix which 

relates current kx and previous estimation. Q is a process noise and kP
is a linear addition between prior 

error covariance 1kP  . 

Step 5: The measurement parameter updates with Kalman gain, estimated output value and update 

the value of covariance P respectively according to formulas (17), (18) and (19)  

1( )T T

k k kK P H HP H R     (17) 

 ˆ ˆ ˆ
k k k k kx x K z Hx     (18) 

( )k k kP I K H P   (19) 

Where R  is the measurement noise with 0.01R  , kP  is the covariance at time k, kP
is prediction 

error covariance, ˆ
kx  is the estimated joint angle value at time k, ˆ

kx
 is the predicted joint angle value at 

time k, kz  is a measurement value obtained from the extracted value of EMG signal data over time 

using the Zero Crossing method, H  is the system state matrix with 1H  , kK is Kalman gain 

Step 6: Extract the estimated angle value from the filter and repeat step 1. 

4. Simulation and experimental results 

4.1. System simulation 

4.1.1. Trajectory planning simulation for Robot 

The research team performed motion trajectory analysis for the robot based on a specific robot 

motion exercise. The experiment was implemented with the following simulation model as Figure 7. 

From the calculation results, the points that need to be planned in the space where the orbital response 

is matched will be performed with the responses shown in the following Figure 8. Figure 9 shows a 

respond to the position to achieve the set requirements and Figure 10 shows a final actuator error in 

simulation. 

 

Figure 7. Trajectory planning program verified in simulation 
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a) b) c) 

Figure 8. Robot responses in simulation with final actuator 

  

Figure 9. Robot position response in planning Figure 10. Final actuator error in simulation 

4.1.2. Simulation validation with EMGs signals 

In Figure 12 show as signal before and after noise filtering and estimated angle between EMG signal 

and reference signal. From the experimental EMGs results, the response of EMGs signals was found, 

but there was still a discrepancy between the estimated angle and the actual angle collected by the IMU 

sensor. The use of EMG sensors basically shows the biological responses of the body during the 

movement of the limbs. It shows that EMG signals are often used in diagnostic methods rather than 

being used to control an object, so we can use EMGs sensors for diagnosis in the medical field. 

Human upper limb 

motion
MCU Comuputer

EMGs sensor

IMU sensor

SLAVE

MASTER

  

Figure 11. Simulation process of estimation method and 

evaluation of EMGs signal processing results. 

Figure 12. Validation of EMGs signals with the 

collected data set with Biceps muscle bundle. 

4.2. Experimental results 

4.2.1. Experimental verification of robot motion 

Experiments compare the simulation results of the position of the elbow joint (joint 4) with the 

response results from the actual robot as shown in Figure 13. To evaluate the response of the robot model 
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to the reference value in motion, the RMS method of least squares is used to evaluate the error in the 

model's motion. The tests are repeated 5 times with the trajectory unchanged. The data files will be 

exported and evaluated together with the data obtained from the simulation to find the error in 3 

parameters of the position of the elbow joint in space. Based on Figure 13a, Figure 13b, Figure 13c, 

Figure 14, Figure 15, Figure 16, the robot's system responses in practice mostly meet the desired 

movements. Through RMSE evaluation, during the trajectory execution, the errors when compared on 

the Y coordinate axis have the least deviation, the errors mostly have results below 1mm in each 

coordinate system. When considering the position of the elbow joint in the Y direction in Figure 13b, 

the results have a large deviation in the time from 40-100s. This influence can be examined more closely 

in Figure 16 when considering the factors of the velocity and acceleration of the joint in the Y direction, 

in the time from 65-85s. There are still phenomena of jerking in velocity even though there is no big 

change in movement, on the contrary, in the X and Z directions of the elbow joint, the results are closest 

to reality. In Figure 14 and Figure 16 when considering the moving velocity, the gripping responses are 

like the velocity amplitude in the simulation even though the chattering phenomenon is still present. 

   
a) b) c) 

 

 

Figure 13. Position response between actual and simulated elbow joint in direction a) X; b) Y; c) Z 

   

Figure 14. Response in the x-

direction of the elbow joint: a) 

position; b) velocity; c) 

acceleration 

Figure 15. Responses were 

compared a) Position; b) Direction; 

c) Y-axis acceleration of the elbow 

joint 

Figure 16. Responses were compared 

in terms of a) Position, b) Direction 

and c) Z-axis of the elbow joint 

4.2.2. Experimental verification of EMG signals on Robot model 

Experimental verification of EMG signals on real tissue is shown through flowchart Figure 17. 

CONTROL

FEEDBACK

UART

Analog

EMGs sensor

Human upper limb motion

MASTER

Micro-controller

Jetson Nano CAN Network

UART

Motor Driver

CONTROL

FEEDBACK

SLAVE

6-DOFs Exoskeleton Robot

 

Figure 17. Flowchart for performing EMGs signal verification on real model 
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Basically based on the EMG signals collected, the robot's responses are almost the same amplitude, 

the signals show the delay as proposed. The value of the estimated angles has a value similar to the 

signal collected from the IMU sensor, although there is still a large error as Figure 18. The result, a 

sensor using EMG signal is often used as a therapy accompanying the support device in old medicine, 

such as rehabilitation robot models, helping to detect and diagnose muscle strength during the recovery 

process. 

 

Figure 18. Estimated signal from EMG sensor and joint angle response from model 

5. Conclusion 

This paper presents the evaluation of EMG signals in a 6-DOF rehabilitation robot. Besides, the 

kinematics of the robot are calculated following the D-H method. Because of the complexity of the 

mechanical structure, the Jacobian method is used to calculate the inverse kinematics for the robot. To 

handle the noise and estimate the joint angle value, the Klaman filter and the zero crossing method are 

used. Experimental control of the robot using EMG signals and exercises to evaluate the feedback signal 

from the robot. The research results demonstrate that sensors using EMG signals are often used as a 

therapy with assistive devices in medicine, specifically rehabilitation robot models, to help detect and 

diagnose muscle strength during the rehabilitation process. 
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