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The high nonlinearity and time-varying coefficients characterize the elbow exoskeleton 

system for rehabilitation. To deal with these difficult control challenges, nonlinear and 

reliable controllers are needed. This paper shows the use of Sliding Mode Control (SMC) 

to track the trajectory of an Elbow Exoskeleton System (EES) with presence of parameter 

uncertainty. The Whale Optimization Algorithm (WOA) algorithm is used to tuning the 

design parameters of suggested controllers for performance improvement. Computer 

simulation based on MATLAB software has been implemented to conduct a comparison 

study between optimal and non-optimal SMC. The simulation findings shows that the 

optimal SMC outperforms the non-optimal version of controller in terms of performance. 
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1. INTRODUCTION

Due to a variety of circumstances, joint dysfunction disables 

a vast number of people each year. Control ability of muscle 

manifests itself in these people as torque production and a 

failure to modulate mechanical impedance around the joints. 

Therefore, the rehabilitation procedures can be utilized by 

many of these disable patients to help them in restoring their 

health and returning to their regular life [1-5]. The accidents 

and pathology are the main cause of elbow disabilities in 

human being. In any of these circumstances, the resulting 

consequence leads to injury of muscles or nerve. This in turn 

leads to faults in motor functions and finally to paralysis. To 

provide a solution to problems in weakness of muscle and 

nerve, the assistive and rehabilitation equipment and tools 

came out to help the mobility of disabled individuals with 

various disabilities. In the Neuro-rehabilitation process, the 

programs are gradually been incorporated with aid of robotic 

devices [6]. 

Exoskeletons are wearable robots which are fit and interact 

with patient on a cognitive and physical system. These robotic 

exoskeleton systems work in conjunction with human limbs. 

Researches and developments of Exoskeleton devices have 

started in the early 1960s; however, they have been only 

recently applied in patients with motor deficits for functional 

replacement and rehabilitation. These exoskeleton devices are 

articulated mechanical systems which are supplied by sensors 

and actuators to achieve their functions properly.  According 

to the size and weight of disables parts of human being, the 

type of actuators is dedicated that can achieve the stroke and 

force requirements of worn exoskeletal/orthotic system. In 

addition, the number of actuators depend on the number of 

joints to be exercised. In addition, the challenges of 

computation and control design are based on the number of 

degrees of freedoms (DoF) which are possessed by human 

musculoskeletal systems. As a result, if an efficient design is 

to be achieved, the control system is important. In order for the 

system to work properly, it needs to take into account factors 

like how quickly and where each limb moves, how well it can 

adapt to its environment, and how much energy each limb 

needs. These are all factors that must be taken into account [6-

8]. 

In practice, the exoskeleton device will replace the physician 

specialist who is responsible for movement of disabled parts for 

rehabilitation of these members. However, to make this device 

be universal for any induvial and to take into account the 

variations in system parameters due to human coupling, the 

need of robust control is an essential to develop successful 

control model for exoskeleton systems. In this study, control 

strategy have been used for elbow exoskeleton system, namely: 

SMC. It has been shown that the sliding mode control technique 

is efficient in control of complex and higher order nonlinear 

systems in the presence of uncertainties. In the literature, one 

can find the utilization of SMC in many control applications [9-

16]. 

In this study, sliding mode controller has been developed and 

optimized based on whale optimization algorithm for motion 

control of elbow joint utilizing wearable exoskeleton 

rehabilitation system. The main contributions of this study can 

be highlighted by the following points:  

(1) Developing the control laws based of SMC to guide the error

trajectories from initial conditions to the zero equilibrium points

in finite time.

(2) Developing the optimization algorithm based on WOA for

tuning the design parameters of elbow exoskeleton system to

enhance the dynamic performance of controlled system.

The article has been organized as follows: Section 2 

presents the various control schemes for controlling the elbow 

joint. Section 3 analyzed the dynamic model of the elbow 

motion. In Section 4, the control design methodology has been 

presented and analyzed. Section 5 developed the optimization 

algorithm based on WOA. The numerical simulation has been 

presented in Section 6, while the Section 7 highlighted the 

main concluded points of this study.
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2. RELATED WORKS  
 

In what follows, a brief explanation of different control 

researches which addressing the motion control of human 

upper-limb are presented: 

Barbouch et al. [17] have investigated the performance and 

robustness of a Feedback Error learning scheme mixed with 

sliding mode control (SMC) to motion control of elbow joint 

based on Functional Electrical Stimulation system. Babaiasl et 

al. [18] presented new mechanical design of 3 DoF 

exoskeleton robot for rehabilitation of shoulder joint. The 

study proposed SMC to track desired trajectories and the 

genetic algorithm has been applied for optimal tuning of 

design parameters of proposed controller. Nguyen et al. [19] 

developed adaptive intelligent controller which combines both 

fuzzy logic (FL) technique and PID control for upper-limb 

exoskeleton robot actuated by pneumatic artificial muscle. The 

PID controller is used to compensate the approximating error 

and hysteresis characteristics, while the FL part is responsible 

for estimating the nonlinear functions. Hu et al. [20] have 

developed an assist-as-needed control algorithm for flexible 

exoskeletons applied for rehabilitation of upper-limb part of 

disabled patients. The elbow exoskeleton is mechanically 

designed to be driven by flexible antagonistic cable actuators. 

Brahim et al. [21] have presented backstepping sliding mode 

control design for pre-described path tracking of ETS-

MARSE exoskeleton robot applied for passive rehabilitation 

exercises. The robot is worn by persons at the upper limb to 

help treatment of impaired upper limb functions due to stroke. 

Liu et al. [22] have established adaptive fuzzy neural network 

(AFNN) for estimating the angle of elbow joint based on 

surface electromyography (sEMG). The AFNN showed better 

accuracy and rapidity as compared with other neural network 

structures, back-propagation-based NN and Radial basis-

based NN. Yang et al. [23] developed model free backstepping 

sliding mode control strategy for wearable exoskeletons. The 

non-singular fast terminal sliding controller is combined with 

auxiliary backstepping controller to improve the control 

performance. The lumped uncertainties are estimated via time-

delay estimation. Bembli et al. [24] presented robust adaptive 

sliding mode algorithm based on gravity compensation to 

control the upper limb exoskeleton system subjected to 

parametric uncertainties. The rehabilitation system is two 

degrees of freedom robot to achieve movement of the elbow 

and shoulder joints. Islam et al. [25] proposed fractional 

sliding mode control (FSMC) to control 7 DOF u-Rob (upper 

limb robotic exoskeleton) subjected to unmodeled dynamics. 

As compared to classical sliding mode control (SMC), the 

FSMC showed better performance in terms of tracking and 

chattering effect in control signal. 

It has been shown that the design parameters of proposed 

controllers have a direct impact of their performances. The 

conventional way to set these design parameters is based on 

try-and-error procedure. However, this classical setting of 

parameters does not yield optimal performance of controllers, 

as such modern optimization technique has to be used for 

optimal tuning of these parameters. Based on the above 

literature review, the previous control approaches did not 

address the effect of design parameters on the dynamic 

performance of controlled system. 

This gap of optimal tuning has been filled by this study and 

the tuning of these design has been implemented using WOA. 

This optimization techniques will lead to optimal performance 

of controllers and consequently the optimal performance of 

controlled exoskeleton elbow-system. 

3. MODELLING OF ELBOW ASSISTIVE SYSTEM 

 

Figure 1 represents the exoskeleton device attached to the 

elbow. The device is used to assist motion of patient joint 

using actuator [25]. 

 

 
 

Figure 1. Schematic representation of elbow flexion and 

extension movements [25] 

 

The dynamic model of both the human arm and exoskeleton 

are derived simultaneously. The Euler-Lagrange equation is 

firstly established based on the following [26]: 

 

𝐿𝑖 = 𝐸𝑘𝑖 − 𝐸𝑔𝑖 (1) 

 
𝑑

𝑑𝑡

∂𝐿

∂�̇�
−

∂𝐿

∂𝜃
= 𝜏 (2) 

 

where, Eki and Egi are represented by the kinetic and 

gravitational energies of the system and it is given by: 

 

𝐸𝑘𝑖 =
1

2
𝐼𝑖�̇�

2 (3) 

 

𝐸𝑔𝑖 = 𝑔𝑚𝑖𝑙𝑖(1 − cos 𝜃) (4) 

 

where, Ii is the inertia of the human elbow and exoskeleton and 

𝑖𝜖(1,2), mi, g and li represent the mass of the human elbow and 

exoskeleton, the acceleration due to gravity, and the distance 

between the elbow joint and center of gravity, respectively 

[26]. 

 

𝐼𝑖 =
1

2
𝑚𝑖𝑙

2 (5) 

 

Substitution Eq. (3) and Eq. (4) into Eq. (1) gives: 

 

𝐿𝑖 =
1

2
𝐼�̇�2 − 𝑔𝑚𝑖𝑙𝑖(1 − cos 𝜃) (6) 

 

𝜏𝑔 = 𝑔 𝑚𝑖𝑙𝑖 (7) 

 

𝜏𝑒𝑥𝑡𝑖 = 𝜏𝑘𝑖 + 𝜏𝑖 (8) 

 

where, τg and τexti represent the system’s gravitational torque 

and external torque acting on the system, and τfi and τi 

represent the friction and motor control torque respectively. 
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𝜏𝑘𝑖 = 𝐾𝑣�̇� (9) 

 

where, kv represent viscous friction coefficients. 

On deriving Eq. (6), using the Euler-Lagrange equation the 

resulting dynamics of the system can be written as [26]: 

 

𝜏𝑒 = 𝐼�̈� + 𝜏𝑔 sin 𝜃 (10) 

 

Let τi=τe, which is the single applied torque, then Eq. (11) 

becomes: 

 

𝜏𝑒 = 𝐼�̈� + 𝜏𝑔 sin 𝜃 (11) 

 

The system model consists of the human leg and 

exoskeleton is given by: 

 

𝐼�̈� = 𝜏𝑔 sin 𝜃 + 𝑘𝑣�̇� + 𝜏𝑒 (12) 

 

where, 𝐼 = ∑ 𝐼𝑖
2
𝑖=1 , 𝐹 = ∑ 𝐹𝑖

2
𝑖=1 , 𝐵 = ∑ 𝐵𝑖

2
𝑖=1 , 𝜃, �̇�,

�̈� represent the angular position, velocity, and acceleration of 

the coupled system respectively. 

Eq. (12) can be written in a robotic form as follows: 

 

𝑀(𝜃)�̈� + 𝑓(𝜃, �̇�) + 𝐺(𝜃) = 𝜏𝑒 (13) 

 

Hence, Eq. (13) can be written as: 

 

�̈� = 𝑀(𝜃)−1 (𝜏𝑒 − 𝑓(𝜃, �̇�) − 𝐺(𝜃)) (14) 

 

Furthermore, Eq. (14) can be written in state variables as 

follows: 

 

�̇�1 = �̇� = 𝑥2 (15) 

 

�̇�2 = �̈� =
1

𝐼
(𝜏𝑒 − 𝑘𝑣(𝑥2) − 𝜏𝑔 𝑠𝑖𝑛(𝑥1)) (16) 

 

 

4. DESIGN OF SMC FOR ELBOW EXOSKELETON 

SYSTEM 

 

In this part, the control laws are developed based on SMC 

in the presence of uncertainty in system parameters. The 

sliding surface is synthesized to derive the control law based 

on controlled system [27, 28]. 

Assuming that e is the difference between the current 

position x1=θ and the desired trajectory, x1d=θd. 

 

𝑒 = 𝑥1 − 𝑥1𝑑 (17) 

 

Using Eq. (15) and Eq. (16), the first and second derivative 

is given by [29]: 

 

�̇� = �̇�1 − �̇�1𝑑 = 𝑥2 − �̇�1𝑑  (18) 

 

�̈� = �̇�2 − �̈�1𝑑 (19) 

 

�̈� =
1

I
((τe − 𝐾𝑣  𝑥2 − 𝜏𝑔 sin(𝑥1))) – �̈�1𝑑 (20) 

 

where, τ represent the applied torque or the actuating control 

signal. The sliding surface is chosen according the order of 

controlled system [30]: 

𝑠 = 𝑐 𝑒 + �̇� (21) 

 

Using Eq. (18) and Eq. (20), the first-time derivative of 

sliding surface equation is given by: 

 

�̇� = 𝑐 �̇� + �̇�2 − �̈�1𝑑 (22) 

 

where, c is defined as scalar design parameter. According to 

Eq. (16), Eq. (22) becomes: 

 

�̇� = 𝑐 �̇� +
1

I
 (τe − 𝐾𝑣  𝑥2 − 𝜏𝑔 𝑠𝑖𝑛(𝑥1))– �̈�1𝑑 (23) 

 

Letting τe=u, Eq. (23) can be written as: 

 

�̇� = 𝑐 �̇� +
1

I
(u − 𝐾𝑣  𝑥2 − 𝜏𝑔 sin(𝑥1))–�̈�1d (24) 

 

Based on SMC approach, the control law u is composed of: 

 

𝑢 = 𝑢𝑒𝑞 + 𝑢𝑠𝑤 (25) 

 

where, ueq is the equivalent part and usw represents the 

switching part; that is: 

 

𝑢𝑒𝑞 = I(𝐾𝑣  𝑥2\I + 𝜏𝑔 sin(𝑥1)\I − 𝑐 ė + �̈�1𝑑) (26) 

 

𝑢𝑠𝑤 =–𝛽1𝑠𝑖𝑔𝑛 (𝑠) (27) 

 

where, β1 represents a scalar design constant. When setting 

sliding surface and its derivative to zero (s=0, �̇�=0), the control 

law u can be deduced. 

 

𝑢 = I(𝐾𝑣  𝑥2\I + 𝜏𝑔 sin(𝑥1)\I − 𝑐 ė + �̈�1𝑑)

− 𝛽1sign(s) 
(28) 

 

 

5. WHALE OPTIMIZATION ALGORITHM 

 

Whale Optimization Algorithm (WOA) is a new search 

algorithm developed in recent years. It is based on the concept 

of whale social behaviour [31].  

 

 
 

Figure 2. Bubble-net feeding behavior of humpback whales 

 

The Humpback whales are the largest among all types of 

whales. Whales enjoy chasing krill and small fish. The 

humpback whale hunting method is based on bubble-net 

feeding. WOA numerically demonstrates the twisting bubble-

net nourishing plan [32]. During the hunting process, 
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humpback whales exhibit some essential behaviours. This 

foraging is done by creating distinctive bubbles along a circle 

or ‘9’-shaped path as shown in Figure 2. The WOA can be 

splitted into sub-algorithms or steps. Each step is inspired from 

the behaviour of whale nature  [33]. 

 

5.1 Encircling prey 

 

The best ability of whales is how to identify the location of 

the prey and then begin surrounding it. Because the initial 

position of the prey is unknown, the WOA algorithm considers 

the present optimal solution to be close to the most possible 

solutions. After obtaining the current best position, the other 

search agents change their position toward that of the current 

best search agent. It can be expressed mathematically as: 

 

�⃗⃗� = |𝐶  . 𝑋  (𝑡) − 𝑋  (𝑡)| (29) 

 

𝑋 (𝑡 + 1) = 𝑋∗⃗⃗ ⃗⃗  (𝑡) − 𝐴 . �⃗⃗�  (30) 

 

𝐴 = 2𝑎  𝑟 − 𝐴  (31) 

 

𝐶 = 2 𝑟  (32) 

 

where, 𝑋∗⃗⃗ ⃗⃗   is the general position vector, 𝑋  symbolize whale 

position, t specifies the current iteration, 𝑎  represents linearly 

reduced within the range of 2 to 0 throughout iterations, and r 

is a random number uniformly distributed in the range of [0, 1] 

[34]. 

 

5.2 Bubble-net attacking method (Exploration phase) 

 

The humpback whale bubble-net behavior is explained in 

the following sections. 

 

5.2.1 Shrinking encircling mechanism 

This behavior is achieved by decreasing the value of A⃗⃗  ⃗. Note 

that the fluctuation range of A⃗⃗  is also decreased by a⃗ . Setting 

random values for A⃗⃗  in [-1, 1], the new position of a search 

agent can be defined anywhere between the original position 

of the agent and the position of the current best agent. 

 

5.2.2 Spiral updating position 

This approach first calculates the distance between the 

whale located at (X, Y) and prey located at (X*, Y*). A spiral 

equation is then created between the position of whale and 

prey to mimic the helix-shaped movement of humpback 

whales as follows: 

 

𝑋 (𝑡 + 1) = 𝐷′⃗⃗⃗⃗  𝑒𝑏𝑙 cos(2𝜋𝑙) + 𝑋∗⃗⃗ ⃗⃗   (𝑡) (33) 

 

where, �⃗⃗� = |𝑋 ∗(𝑡) − 𝑋 (𝑡)| and indicates the distance of the i-

th whale to the prey (best solution obtained so far), b is a 

constant for defining the shape of the logarithmic spiral, and t 

is a random number in [-1, 1] [35].  

It the worth mentioning that humpback whales swim around 

their prey in a shrinking circle while also following a spiral-

shaped path. To model this simultaneous  behavior, assume 

that there is a 50% chance of selecting either the shrinking 

encircling mechanism or the spiral model to update the 

position of whales during optimization. The following is the 

mathematical model: 

𝑋  (𝑡 + 1) = {
𝑋∗⃗⃗ ⃗⃗  (𝑡) − 𝐴 . �⃗⃗� 𝑝 < 0.5

𝐷′⃗⃗⃗⃗  𝑒𝑏𝑙 cos(2𝜋𝑙) + 𝑋∗⃗⃗ ⃗⃗   (𝑡) 𝑝 ≥ 0.5
 (34) 

 

where, p is a random number in [0, 1]. 

 

5.3 Search for prey (Exploration phase) 

 

The same approach based on the variation of the A⃗⃗  vector 

can be utilized to search for prey (exploration). In fact, 

humpback whales search randomly according to their position 

each other. Therefore, the A⃗⃗  ⃗ with the random values greater 

than 1 or less than -1 to force the search agent to move far 

away  from a reference whale. In contrast to the exploitation 

phase, whales update the position of a search agent in the 

exploration phase according to a randomly chosen search 

agent instead of the best search agent. This mechanism and 

|A⃗⃗ |>1 emphasize exploration and allows the WOA algorithm 

to perform a global search. The mathematical model is as 

follows: 

 

�⃗⃗� = |𝐶 . 𝑋  (𝑡) − 𝑋 (𝑡)| (35) 

 

𝑋 (𝑡 + 1) = 𝑋 𝑟𝑎𝑛𝑑 − 𝐴 . �⃗⃗�  (36) 

 

In this application, the parameters of WOA are set 

according to Table 1. The pseudo-code of the WOA algorithm 

is presented below: 

 

Input data, Number of maxiter and Population, etc. 

Initialize the whales population Xi (i=1, 2, ..., n) 

Initialize a, A, C, l and p 

Calculate the fitness of each search agent 

X*=the best search agent 

while (it<Maxiter) 

for each search agent 

    if (p<0.5) 

        if (|A|<1) 

        Update the position of the current search agent by  

Eq. (33) 

    else if (|A|≥1) 

          Select a random search agent (X_rand) 

          Update the position of the current search agent by Eq. 

(34) 

  end 

else if (p≥0.5)  

Update the position of the current search agent by the Eq. 

(36 ( 

End 

 

Table 1. Parameter setting of WOA 

 
WOA Algorithm Parameters Value 

Random values r1, r2 

Population size 30 

Iterations No. 300 

 

Other optimization techniques like Butterfly Optimization 

Algorithm (BOA), Social Spider Optimization (SSO), Grey-

Wolf Optimization (GWO), Spider Monkey Optimization 

(SMO), and Wale Optimization Algorithm (WOA) can be 

suggested for future tuning and optimization of proposed 

controller's design parameters in this application [36-40]. 
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6. RESULT AND DISCUSSION  

 

The programming simulation using MATLAB R2016 b, the 

simulation tests were performed on PC, Windows 10 OS, 

Intel(R) Core (TM) i7-8550 U processor, 1.80 GHz CPU, and 

20 GB RAM. The Table 2 lists the numerical values for the 

Elbow-Exoskeleton system case. The simulation results were 

running for 3 seconds. 

 

Table 2. Test model Specifications and test conditions 

 
Coefficient Description Value 

Mass M 1.55 kg 

Length l 0.24 m 

Elbow joint to centre of gravity is l li 0.2 m 

Gravity acceleration 𝑔 9.81 m/𝑠2 

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

 

6.1 Simulation of elbow-exoskeleton system controlled by 

SMC 

 

Figure 3 shows the open-loop test of Elbow-Exoskeleton 

system. The system is commanded by sine wave method. It is 

clear from the figure that the output response, represented by 

linear displacement 𝑥1, has started from high position (1.6) rad, 

however, the response settles quickly just after around (2) 

seconds to reach nearly zero rad. The c and 𝛽1 are the design 

parameters of SMC, Increasing the dynamic performance of 

SMC by optimizing their design parameters is an objective of 

algorithm. As with other WOA processes, the iterative 

particles are evaluated using the RMSE fitness function. 

 

 
 

Figure 3. Open loop response for the Elbow-Exoskeleton 

system 

 

The goal of an optimization technique is to identify the best 

values for design parameters such that the RMSE is as low as 

possible. Figure 4 show the behaviour of the cost function for 

SMC. 

 

 
 

Figure 4. Cost function for controlled system based on SMC 

 

Table 3 gives the settings of design parameters Elbow-

Exoskeleton System by SMC. The WOA algorithm was used 

to find the first set of design parameters, while the trial-and-

error method was used to determine the second set. In order to 

provide the best possible control of the system, the optimum 

values of the design parameters determined via the WOA 

technique are transferred to the controllers' corresponding 

design parameters. The expected trajectory assumes a sine 

wave input. 

 

Table 3. Setting of design parameters based on optimal and 

non-optimal methods 

 

Controller 
Optimal Method Try and Error Method 

Coefficient Value Coefficient Value 

SMC 
C 78.8824 C 30 

β1 561.14 β1 500 

 

6.2 Elbow-exoskeleton actuated system based on SMC 

 

Figure 5 shows the linear position behaviour of the Elbow-

Exoskeleton-actuated based on the optimal and non-optimal 

SMC to obtain the tracking performance for the system. It 

makes clear that the dynamic response obtained by the best 

SMC outperforms that based on the try-and-error process by a 

rate of about 45.5882% in terms of transient characteristics. 

The Figure 5 reflects the fact that the tracking error (𝑒1) based 

on optimal is less than that due to non-optimal SMC, and thus 

optimal SMC gives better dynamic performance. 

It is worth to mention that we have simulated optimized 

SMC parameter in which their error was 0.0111 compared 

whit 0.0204 for non-optimized SMC. 

Figure 6 depicts the non-optimal SMC sliding surfaces, as 

well as the trace of the path in phase plane coordinates (𝑒−�̇�). 

By the conclusion of the e-axis reaching phase, both 

trajectories had reached the sliding surface and stayed there 

until equilibrium was established.  

 

 
 

Figure 5. Tracking performance for the elbow-exoskeleton 

system with optimal and non-optimal SMC 

 

 
Figure 6. Sliding surface of non-optimal SMC 
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However, Figure 7 shows the tracking error of the elbow 

exoskeleton system controlled by optimal and non-optimal 

SMC (e). Again, the optimal SMC shows better performance 

in which covers wide range of torque. The effect of chattering 

phenomenon due to the SMC shows in Figure 8. Figure 9 

explains the corresponding control effects based on optimal 

and non-optimal SMC. 

 

 
 

Figure 7. Tracking error of SMC controlled Elbow-

Exoskeleton System 

 

 
 

Figure 8. Chattering phenomenon based on SMC 

 

 
 

Figure 9. Control effects based on optimal and non-optimal 

SMC 

 

 

7. CONCLUSIONS 

 

In this study, control scheme have been designed for 

trajectory control tracking of elbow-assistive rehabilitation 

system. The control laws have been developed according to 

Lyapunov-based stability analysis. In comparison to previous 

studies, the design paramters of proposed controllers have been 

set based on try-and-error procedure. In this study, two settings 

of design parameters have been adopted. The classical setting is 

the first type of setting which is based on tray-and-error method, 

while the other setting is based on WOA. A comparison study 

in performance has been conducted to show the effectiveness of 

optimization method. The numerical results showed that the 

WOA tuner could considerably enhanced the performance of 

proposed controllers. In addition, the dynamic performance of 

SMC-based Exoskeleton elbow system using WOA is better 

than that based on try-and-error procedure. This study can be 

extended to apply other recent control strategies for the elbow-

exoskeleton system. Accordingly, one can conduct a 

comparison study between the SMC and the suggested control 

schemes to show their effectiveness in trajectory tracking [41-

51].  
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NOMENCLATURE 
 

C    Personal acceleration coefficient 

e      Difference between the current position 

desired trajectory 

Eki   Kinetic energies 

Egi   Gravitational energies 

l      Length 

Li    Elbow joint to center of gravity 

𝑔     Gravity Acceleration 

mi    Mass of the human elbow and 

exoskeleton 

ki     Viscous friction coefficients 

s      Sliding surface 

w     Inertia coefficient 

X1d  Desired trajectory 
 

Greek symbols 
 

θ      Angular position 

�̇�     Angular velocity 

�̈�     Angular acceleration 

τexti   External torque 

τfi     Friction control torque 

τg     Gravitational torque 

τi      Motor control torque 

C      Scalar design 

β1     Scalar design constant 

α1     Virtual control 
 

Abbreviations 
 

AFNN     Adaptive Fuzzy Neural Network 

DoF          Degrees of freedoms 

EES         Elbow Exoskeleton System 

FL            Fuzzy Logic 

FSMC      Fractional sliding mode control 

RMSE      Root Mean Square Error 

SMC   Sliding Mode Control 
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