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Abstract - Joint dysfunction disables are impacting millions of individuals worldwide. It 
significantly interferes with essential daily tasks like eating, drinking, and writing, often making 
self-care challenging for those affected. Exoskeleton robots are developed to enable individuals 
with impaired physical functions to perform daily activities and maintain independence. This study 
introduces a wearable exoskeleton control system for the elbow joint designed, providing an 
alternative assistive solution to traditional treatment methods. The elbow exoskeleton system used 
for therapy has nonlinearity and time-dependent parameters. To address these challenges, this 
work presents a sliding mode control (SMC) for tracking the path of an EES. To reduce the 
chattering phenomenon in the SMC, power rate (PR) and boundary layer (BL) reaching laws are 
introduced. The heap-based algorithm (HBA) is used to tune design parameters of SMC. Massive 
simulations that were implemented in MATLAB confirmed the effectiveness of the suggested 
methodologies as they proved the reduction in the chattering and the improvement in the system 
performance. The simulation outcomes reveal that both approaches are able to eliminate the 
chattering phenomenon. However, the value of the IAE of the system controlled by SMC with the PR 
reaching law is reduced by 42.7% in compares with the system controlled by SMC with the BL 
reaching law. In addition, the IAE under uncertainty has been improved by 43.9%. 
  
Keywords: Elbow rehabilitation, Nonlinear control system, Sliding mode control, Power rate 
reaching law, Boundary layer reaching law, Heap-based algorithm. 

1. Introduction  
  
Each year, many people experience disability as a 
result of joint dysfunction caused by various factors 
such as aging and/or stroke. For example, every 
year, approximately 13.7 million new incidents of 
stroke are reported worldwide. [1]. In these 
individuals, muscle control is reflected in their 
ability to generate torque and in their difficulty 
regulating mechanical resistance around the joints. 
Consequently, rehabilitation programs can serve as 
an effective means for many of these individuals 
with disabilities to recover their physical function 
and reintegrate into daily life [2-3]. Throughout the 
continuously treatment sessions, the pre-defined 
exercises are assigned to individuals with disabilities 
which are manually provided by the physicians to 
evaluate the treatment process. However, this 
approach is expensive, as it demands continuous 
involvement of medical professionals and specialists 
to monitor each patient's movements [4-5]. The 

combination of wearable robotic technologies, 
including an elbow exoskeleton system, and 
sophisticated control technologies is playing the role 
of facilitating the production of new tools and 
approaches to improve the therapeutic results. 
Wearable exoskeletons improve human 
performance, aiding human motions to minimize the 
user’s effort, and decreasing fatigue [6]. Exoskeleton 
systems are patient-centric sports equipment’s, as 
well as end-effector systems, which offer in-depth 
control of the joint angle and torque, thus making 
them an appropriate robotic modality in 
rehabilitative interventions in patients with severe 
motor issues due to brain injury. To perform its 
work, these exoskeleton technologies have flexible 
by mechanical components that rely on actuators 
and sensor technology to perform their duties 
appropriately. [7]. 

To provide better functionality of the exoskeleton 
system, numerous studies have been developed to 
examine the designing a controller for the system. 
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For example, Barbouch et al. were able to determine 
the efficacy of a feedback error learning algorithm 
combined with sliding-mode control (SMC) to 
possible movements of an elbow-joint using a 
validated electrical simulation environment [8]. On a 
similarly related Nguyen et al. [9] attempted to 
design an adaptive intelligent controller by 
integrating the fuzzy logic (FL) concept with 
conventional PID control, particularly on upper-limb 
exoskeleton robots where motor power is 
concentrated on pneumatic artificial muscles. PID 
controller compensates approximation error and 
hysteresis, and the FL component approximates 
nonlinear equations. A huge number of authors 
would choose the usage of swarm optimization to 
discover the optimal value of the setting parameters 
of a controller [10-12]. In a related article, [13] used 
the Whale Optimization Algorithm (WOA) to 
improve the effectiveness of SMC in the control of an 
elbow exoskeleton system; and, respectively, such 
approaches were studied by Hu et al. [14] introduced 
an assist-as-needed control strategy tailored for 
adaptive exoskeletons used in upper-limb 
rehabilitation for individuals with physical 
impairments. The elbow exoskeleton is powered by 
versatile, oppositional wire motors. In this work, 
Brahim et al. [15] described the back-stepping 
sliding-mode control scheme of tracking the preset 
path of an ETSMARSE exoskeleton robot during 
passive therapy. The robotic device is utilized by 
individuals with reduced upper limb capabilities 
because of strokes. Liu et al. [16] developed an 
adaptable fuzzy neural network (AFNN) to estimate 
elbow joint angles using sEMG. The AFNN 
outperformed alternative neural network concepts, 
including back-propagation and radial basis NN, in 
terms of speed and precision. Yang et al. [17] 
introduced a model-free back-stepping sliding-mode 
based control method. A non-singular quick output-
sliding controller is used with an external back-
stepping controller to enhance the efficacy of 
control. The aggregated uncertainties have been 
determined via time delay prediction. In the same 
way, Waheed et al. [18] optimized the back-stepping 
sliding mode control using particle swarm 
optimization for elbow joint angles. Bembli et al. [19] 
developed an adaptive sliding mode approach that 
relies on gravitational correction for handling upper 
limb exoskeleton systems with parameter 
constraints. This rehabilitation approach uses a 
robotic system with two degrees of freedom to assist 
in controlling elbow and shoulder movements. In 
this study, Islam et al. [20] have suggested a 
fractional sliding mode control (FSMC) method to 
control a 7-DOF upper-limb exoskeleton, even 
without the consideration of accurate kinematic 
modeling. FSMC outperformed SMC with regard to of 
control signal monitoring and chattering.  

Building on insights from previous studies and 
aiming to explore alternative control strategies.  

The current research paper comes up with a solution 
plan of trajectory-following an elbow exoskeleton 
based on the sliding mode control (SMC) approach as 
follows. 

Chattering (i.e. high-frequency oscillations in 
control and state variables) is undesirable 
phenomenon that occurs in the classical SMC 
because it degrades system performance. To reduce 
the chattering phenomenon in the SMC, power rate 
(SMC_PR) and boundary layer (SMC_BL) reaching 
laws are introduced. The design variables of SMC 
affect its effectiveness. Traditionally, the 
determination for these variables is established by 
trial and error. However, integration modern 
optimization techniques are necessary to find these 
variables to improve the effectiveness of SMC. In this 
context, a heap-based algorithm (HBA) is used to 
narrow the mentioned design parameters of the 
SMC_PR and the SMC_BL. 
  

2. Mathematical Model 
 
The exoskeleton is shown in Figure 1, on the elbow 
joint. The device applies an actuator, which is used to 
help the patients in doing joint motions as indicated 
in [13]. 

 

Figure 1: provides a visual overview of the elbow’s 
flexion and extension movements 

 
The biological arm and the exoskeleton dynamic 
models are developed in different ways. Then, the 
Euler-Lagrange equation is applied in accordance 
with the approach presented in [21-22]. 
 

 (1) 

 (2) 



Simulation and Evaluation of Sliding Mode Controller for Elbow Exoskeleton Systems 

  

 

International Journal of Mechatronics and Applied Mechanics, 2025, Issue 22, Vol. I 114 

The system's kinetic and gravitational energy,  

and , are expressed by the following equation is as 

follows: 

 (3) 

 (4) 

Anywhere in this expression, I signify the moment of 
inertia of the human elbow, and m, g, and l signify 
the mass, the acceleration of gravity, and the 
distance between the elbow joint and the centre of 
gravity respectively, according to [13]. 
 

 (5) 

This step can be achieved by replacing Eq. (3) and 
Eq. (4) in Eq. (1) to get the following result, 

 (6) 

 (7) 

l (8) 

In the last two equations, the characteristics of the 
torque  and  mean gravitational and external of 

the system, the torque  and  are called the 

frictional and motor control torque respectively. 

 
(9) 

Here,  represents the viscous friction coefficient. 

By applying the Euler-Lagrange equation to derive 
Equation (6), the system’s dynamic behaviour is 
illustrated as shown below [18]: 
 

 (10) 

Substitute Eq. (9) and (10) into (7) gives: 
 

 (11) 

Additionally, Eq. (11) can be expressed using state 
variables as follows: 
 

 

 

(12) 

 (13) 

For the purpose of controlling design, Eq. (16) can be 
rewritten as follows: 

                                                     (14) 

where: 
  

   

 

3. Sliding Mode Control Design  
 

Sliding mode control (SMC) is a recognized durable 
and methodical designing controller. It has two 
phases. The first phase is to define the surfaces that 
slide such that they meet the performance 
requirements. The next phase involves maintaining 
the system on the sliding surface. [23-26].  

Define the tracking error as: 
 

           (15) 
 
where is angular position output and   is the 
desired angular position. Taking the first derivative 
of  yields: 
 

                                         (16) 
 

Taking the second derivative of yields: 

                                         
(17) 

Substitute from Eq. (14) into Eq. (17) obtains: 
 

                                                                        (18) 
 

The formalism of the sliding surface is the following: 

                                                        (19) 
 

where  is one of the tuning parameters. 

The application of the first derivation of the 
sliding surface leads to: 

 
               (20) 

 
The second part of the SMC control law deals with 

switching control, which appears as a discontinuous 

element that drives the system to slide along a 

predefined surface [27–29]. For the system to stay 

on this surface, the derivative of the sliding surface 

must match the switching control. Therefore, 

selecting an appropriate switching control is crucial 

to minimize the chattering effect commonly 

associated with SMC. In this study, two reaching laws 

are proposed to address this issue. The main 

component, which is known as the power rate (PR) 

reaching law, is used in the switching control and 

has been postulated in references [3031]: 

                                                         (21) 
 



Simulation and Evaluation of Sliding Mode Controller for Elbow Exoskeleton Systems 

  

 

International Journal of Mechatronics and Applied Mechanics, 2025, Issue 22, Vol. I 115 

The tuning parameter, which is a strictly positive 
number, is denoted as  with real-valued tuning 
parameters denoted by , whose value must remain 
within the bounds of 0 and 1 according to the sign 
function and is represented as: 

 

                          (22) 

 
PR reaching law eliminates the chattering 

because the control signal changes gradually. The 
last  is obtained by putting in Eq. (21) is equal to 
Eq. (21) which according to them is as follows: 

 
                          (23) 

 
Rearrange Eq. (23) to find : 

 

          
(24) 

 
The second reaching law is the boundary layer 

(BL) reaching law which is given by [32-33]: 
 

                                              (25) 
 

where  is adjusted parameter ,   is 
given by: 

 

                           (26) 

 
The last  is given by putting Eq. (25) and is 

equal to Eq. (20) as given: 
 

                                              (27) 
 

Rearrange Eq. (27) to find : 
 

                                
(28) 

 

4. Heap-based Algorithm 
 

Meta-heuristic algorithms have become crucial 
sportive-tools for addressing a wide range of 
complex engineering problems [34]-[36]. In contrast 
to traditional trial-and-error approaches, recent 
studies commonly treat the tuning of controller 
design parameters as an optimization problem,  

which is then tackled using appropriate optimization 
methods [37]-[40]. The work by Qamar et al. [41] 
introduced such a new optimization method as the 
heap based optimizer (HBO), which is based on the 
employee needs and roles. The method takes into 
account the corporate rank hierarchy (CRH), a 
common structure used in most organizations. In it, 
a collection of strategies is employed to partition the 
jobs into distinct responsibilities [42]. The HBO is 
built on as follows: 

A heap data structure is used for describing the 
company level structure, the corporate hierarchy 
(CHR) in HBO, brings out the population as a whole. 
The top node in the heap corresponds to the fitness 
of a search agent, while each node’s cost is 
determined by its position within the population. In 
this hierarchical setup, those at the highest level set 
the rules and restrictions, and the lower levels 
(children) follow the guidance of their direct 
supervisors (parent nodes). To imitate this type of 

behavior, each agent that searches  location is 
modified by considering its parent node , as shown 
in Eq. (29). 

 

   (29) 

 
The current iteration index is represented by a 

value, t, whereas the k-th value of a particular vector 
is denoted by the index, k. The transformations are 
denoted by the parameter    is element of the 

vector , in the case of the multiplier where a 
stochastic parameter r is generated as follows: 

 

 (30) 

 
Additionally, the parameter  given in Eq. (29) is 
determined by the following method: 

 

   
 

(31) 

 
 Here, c and T are the value that is to be 

prescribed and the largest forfeitable number of 
iterations respectively. The auxiliary amount, which 
is denoted by the symbol , decreases linearly 
between 2 to 0 and then increases slowly until it 
reaches the amount 2. 

In the next step, as the communication amongst 
co-workers, HBO workers have the similar level and 

rank as their co-workers.  is adjusted with respect 

to its random partner  via Eq. (32) [43]. 

 

 

(32) 
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The primary goal of the function  calculates the 

search agent's fitness. If , Eq. (32) 

allows the searching agents to investigate the area 
around , otherwise, around . In the subsequent 
generation, self-contribution involves storing the 
prior worker status in the following order: 
 

 (33) 
 

A roulette wheel is used in order to regulate both 
exploration as well as extraction. The population is 
divided into three different proportions, which are 
denoted as , where  gives search agents 
 

a chance to update their positions.  
Values of , , and  are calculated as described in 
Eq. (22)-(24) In which T is the repeated iteration and 
also the maximum number of permissible iterations. 

 
 

(34) 

 

 
(35) 

 

(36) 

To summarize, the technique for adjusting the search 
agent locations is listed below: 

 

(37) 

 

where,  is an arbitrary number. Eq. (33) 
improve investigation, Eq. (29) improve exploitation 
and integration whereas Eq. (32) improves both.  
 

5. Results of Numerical Simulations 
 
The numerical simulation was coded using MATLAB 
program. Table 1 indicates the values of the physical 
parameters in the elbow exoskeleton system. The 
cost function used by the HBA namely the integral of 
absolute error (IAE) was identified to achieve 
optimal performance of SMC_PR and SMC_BL. This 
IAE is expressed as [44]: 

 
    (38) 

where  signifies the simulation duration, and e is 
the output deviation, which represents the 
difference between the angular position of wearable 
exoskeleton and the required angular position. Table 
2 shows the values for the planned parameters 
SMC_PR and SMC_BL. 
 

Table 1. Model physical specifications 
Parameters Value 

Length (l) 0.24 m 

Mass (M) 1.55 kg 

gravity acceleration(g) 9.81 m/s2 

Viscous friction coefficient (kv) 1.5 Nm/(rad/s) 

 
Table 2. Optimal value of configuration parameters  

Controller Parameters Values 

SMC_PR 
 42.4 

 147.8 

 0.8 

SMC_BL 
 31.4 

 162.7 

 0.2 

5.1. Normal Operation 
 
This simulation is to evaluate the performance of 

the two controllers in normal operation. Figure 2 
and Figure 3 show the response and the control laws 
for the two controlled systems, correspondingly. 
Table 3 shows the equivalent numerical values for ts 
and IAE.  
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Figure 2: System response of SMC_PR and SMC_BL 

under normal operation 
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Figure 3: Control law of SMC_PR and SMC_BL under 

normal operation 
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Table 3. Comparison of dynamic performance under 
normal operation 

Performance SMC_PR SMC_BL 

 0.12 0.28 

  1.02 1.78 

 
Figure 2 shows that the SMC_PR outperforms the 

SMC_BL. This finding may be corroborated 

mathematically using Table 3, which clearly shows 

that the value of ts (0.12) and IAE (1.02) for SMC_PR 

is less than the value ts (0.28) and IAE (1.78) for 

SMC_BL. 

 

5.2. Uncertainty 
 
To assess the durability of the two controllers 

against uncertainty, it was anticipated that the 

viscous friction coefficient (kv) would fluctuate by 

20% of its value. Figures 4 and 5 depict the response 

and control laws of the two controlled systems when 

kv is altered by 20%, correspondingly. Table 4 

contains the related numerical values of the settling 

time ts and the IAE. 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.2

0.4

0.6

0.8

1

Time(s)

A
n
g
u
la

r 
P

o
s
it
io

n
(r

a
d
)

 

 

SMC
PR

SMC
BL

 
Figure 4: System response of SMC_PR and SMC_BL 

under uncertainty 
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Figure 5: Control law of SMC_PR and SMC_BL under 

uncertainty 
 
 

Table 4. Comparison of dynamic performance under 
uncertainty 

Performance SMC_PR SMC_BL 

 0.12 0.295 

  1.02 1.82 

 
Table 4 illustrates that the value of ts and IAE for 

the SMC_PR is not change when the value of kv is 

changed by 20%. However, that the value of ts and 

IAE for the SMC_BL is change when the value of kv is 

changed by 20%. ts is increased form 0.28s for the 

normal operation case to 0.295s when the value of 

kv is changed by 20%. Moreover, IAE is increased 

form 1.78rad for the normal operation case to 1.82 

rad when the value of kv is changed by 20%. These 

results reveal that SMC_PR has more robustness 

characteristic than SMC_BL. Some limitations have 

been identified in this study; in particular, the input 

constraints were not considered and can be explored 

in future research. 

 

6. Conclusions 
  
The practice of using appropriate exoskeleton has 
emerged as an important tendency to help patients 
with muscle weakness to live their lives by using an 
appropriate system. In this paper, the wearable 
elbow exoskeleton system based on sliding mode 
control (SMC) has been developed. To obtain the 
mathematical model of the system, the Euler-
Lagrange formulation was used. Based on the 
selected reaching law method, two SMC schemes are 
designed. In the first approach, the SMC based power 
rate (SMC_PR) reaching law is used, whereas in the 
second approach, the SMC based boundary layer 
(SMC_BL) reaching law is adopted. The performance 
of the controllers was enhanced by employing the 
heap-based algorithm (HBA) is tune design 
parameters. The numerical results have showed that 
both control schemes addressed the chattering 
problem in the output response and the control 
signal. Moreover, the SMC_PR performs better than 
the traditional SMC in the aspects of system speed, 
tracking error and resilience to type of parameters 
change. 
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