
IAES International Journal of Robotics and Automation (IJRA) 

Vol. 15, No. 1, March 2026, pp. 21~32 

ISSN: 2722-2586, DOI: 10.11591/ijra.v15i1.pp21-32      21  

 

Journal homepage: http://ijra.iaescore.com 

Hybrid force/position approach for flexible-joint robot with 

fuzzy-super twisting sliding mode control 

 

 

Rafik Amaini, Farid Ferguene 
LRPE Laboratory, Automatic and Instrumentation Department, Université des Sciences et de la Technologie Houari Boumediene, 

Algiers, Algeria 

 

 

Article Info  ABSTRACT 

Article history: 

Received May 27, 2025 

Revised Nov 13, 2025 

Accepted Dec 15, 2025 

 

 This paper presents a novel hybrid force/position control strategy for rigid-

link flexible-joint robots (RLFJR) operating in constrained environments. 

The proposed approach integrates fuzzy logic with the super-twisting sliding 

mode control (FSTSMC) algorithm to enhance robustness and reduce the 

chattering phenomenon typically associated with sliding mode controllers. 

A two-loop control structure is adopted: an inner loop dedicated to position 

control using the FSTSMC, and an outer loop for force regulation employing 

a classical PI controller. To address the challenge of limited joint state 

measurements in industrial robots, a high-gain nonlinear observer is 

designed for accurate joint state estimation. The effectiveness of the 

proposed method is validated through simulations on a PUMA 560 robot 

model, performing a circular trajectory while applying a constant contact 

force. Results demonstrate high tracking precision in both joint and 

Cartesian spaces, rapid convergence of errors, and significant mitigation of 

chattering effects, confirming the feasibility and efficiency of the proposed 

control scheme for interaction tasks involving flexible-joint manipulators. 
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1. INTRODUCTION 

The flexibility observed in industrial robot joints mainly results from the use of mechanical 

transmission elements such as belts, long connecting rods and harmonic drives. These components enhance 

the system’s dynamic performance and allow for high reduction ratios. Nevertheless, when subjected to 

significant dynamic forces or load variations, they tend to display a certain inherent compliance [1]. 

Certain industrial robotic operations involve direct interaction with the environment, where the 

robot must generate and control relatively high contact forces. In such cases, joint flexibility can significantly 

affect task accuracy, potentially leading to instability. Therefore, it is essential to account for this 

phenomenon when modeling and designing force and position control systems [2]. 

A significant amount of research focuses on the control of rigid-link flexible-joint robots (RLFJR). 

Notably, control methods based on adaptive singular perturbation techniques and non-adaptive [3]–[6] have 

been developed. While effective for high joint stiffness, these techniques show limitations otherwise. Another 

approach is dynamic feedback linearization control [7]–[9], which requires the desired trajectory to be at least 

four times differentiable and joint acceleration measurements. Nonlinear PID and sliding mode control 

(SMC) are discussed in [10]–[13], respectively. In [14], the authors carried out a comparison between control 

https://creativecommons.org/licenses/by-sa/4.0/
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strategies based on singular perturbation theory and those relying on differential algebra formulations, while 

[15] compares proportional-integral controller (PI) and sliding mode controls. 

Unlike rigid joints, flexible joints exhibit a discrepancy between the motor angle and the joint angle, 

doubling the number of state variables. Since most industrial robots only have motor position sensors, joint 

angle estimation requires a state observer. High-gain observers [16], sliding mode observers [17], and 

observer-based neural control [18] have been proposed for this purpose. 

This work introduces a new control scheme for flexible joint robots performing tasks that involve 

environmental interaction. While numerous control schemes for RLFJR in free space have been proposed, 

fewer address tasks in constrained environments. In constrained environments, the same control approaches 

from free-space scenarios have been adapted, including singular perturbation control [19]–[21], dynamic 

feedback linearization control [22], [23], and neural-based control [24]. Sliding mode control is applied in 

[25] and [26]. 

Here, we propose a hybrid force/position control approach based on the fuzzy super-twisting sliding 

mode control (FSTSMC) technique for industrial flexible joint robots. Classical SMC has advanced 

significantly due to its robustness and finite-time convergence. However, the high-frequency switching 

causes “chattering”, which can disturb or damage systems [27], [28].  

To address this, higher-order sliding mode (HOSM) control was developed [27], mitigating 

chattering while maintaining classical SMC performance. HOSM control targets the derivatives of the sliding 

variable instead of the variable itself. When access to these derivatives is limited, the super-twisting sliding 

mode control [29] provides an alternative. Designed for systems with a sliding variable of relative degree 

one, this second-order controller eliminates the need for the sliding variable’s second derivative. The super-

twisting sliding mode control was analyzed geometrically through homogeneity in [30], while Lyapunov-

based stability analysis is found in [31] and [32]. 

The main objective of this work is to develop a force-position control strategy for a rigid-link 

flexible-joint robot (RLFJR), taking into account joint flexibility, minimizing its adverse effects on task 

execution, and enhancing overall system efficiency. A novel hybrid control scheme is proposed for RLFJR 

operating in constrained environments, integrating the FSTSMC method, which combines fuzzy logic with 

the super-twisting algorithm to achieve accurate force and position tracking. This approach reduces the 

convergence time of tracking errors, improves robustness against external disturbances and parametric 

uncertainties, and effectively mitigates the joint flexibility effect. Furthermore, the integration of fuzzy logic 

helps suppress the chattering phenomenon commonly encountered in traditional sliding mode controllers. 

 

 

2. PROPOSED CONTROLLER DESIGN 

Our objective is to design a robust hybrid force/position control strategy that ensures the accuracy of 

(1) and (2), even under uncertainties and external disturbances. 

 

𝑙𝑖𝑚
𝑡→𝑡𝑓

‖𝑒𝑞‖ = 𝑙𝑖𝑚
𝑡→𝑡𝑓

‖(𝑞 − 𝑞𝑑)‖ = 0           (1) 

 

𝑙𝑖𝑚
𝑡→𝑡𝑓

‖𝑒𝐹‖ = 𝑙𝑖𝑚
𝑡→𝑡𝑓

‖(𝐹 − 𝐹𝑑)‖ = 0     (2) 

 

Here, 𝑞𝑑𝜖 𝑅𝑛 and 𝐹𝑑𝜖 𝑅𝑛 represent the desired angular position and force, respectively. 𝑒𝑞 = (𝑞 − 𝑞𝑑) 

denotes the trajectory tracking error, 𝑒𝐹 = (𝐹 − 𝐹𝑑) represents the force error, and 𝑡𝑓 is the finite time. 

The hybrid force/position control scheme proposed in this study follows an implicit hybrid control 

approach, utilizing the external force feedback loop method introduced in [33] shown in Figure 1. 

 

 

 
 

Figure 1. Structure of external force control loop 
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This hybrid force/position control scheme features a two-loop structure: an inner loop dedicated to 

position controller and an outer loop for force controller, implemented around the inner loop. This design is 

particularly advantageous for its simplicity in implementation, especially for industrial robots that often come 

equipped with an integrated position controller. 

In this approach, the two control loops are designed independently. The output of the outer loop 𝛥𝑥 

is used to modify the desired trajectory 𝑥𝑑, generating a corrected desired trajectory 𝑥𝑐𝑑 . A proportional-

integral controller (PI) governs the outer force control loop, while the inner position control loop is managed 

by a fuzzy super-twisting algorithm-based controller. Furthermore, an inverse kinematic model (IKM) is 

employed to accommodate the position controller’s operation in joint space. 

 

 

3. METHOD 

This section presents the methodological framework adopted for the development of the proposed 

hybrid force-position control strategy applied to a rigid-link flexible-joint robot (RLFJR). The objective is to 

provide a detailed description of the modeling and control design process, highlighting each component of 

the controller architecture. 

First, the dynamic model of the RLFJR is formulated to capture the effects of joint flexibility and to 

serve as a foundation for controller design. Then, a hierarchical control structure is developed, consisting of 

an outer loop for force regulation and an inner loop for position control. The position loop incorporates a 

state observer, a super-twisting sliding mode controller (STSMC), and a fuzzy logic-based adaptation 

mechanism to enhance robustness and reduce chattering. 

Finally, the proposed control approach is applied to a PUMA 560 industrial robot to validate its 

performance through simulation. Each subsection provides the theoretical background, mathematical 

formulation, and control design steps required to implement the proposed strategy. 

 

3.1.  Dynamic modeling of the RLFJR 

The dynamic model of a 𝑁-Regid link flexible joint robot (RLFJR) shown in Figure 2 is governed 

by (3) and (4), 
 

𝑀(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇)𝑞̇ + 𝐺(𝑞) = 𝜏𝑒 + 𝐽𝑇𝐹                           (3) 
 

𝐵𝜃̈ + 𝜏𝑒 = 𝜏                        (4) 
 

where 𝑞, 𝑞̇, 𝑞̈𝜖𝑅𝑛 and 𝜃, 𝜃̇, 𝜃̈𝜖𝑅𝑛 denote the angular position, velocity, and acceleration of the links and motors, 

respectively. 𝑀(𝑞)𝜖𝑅𝑛×𝑛 and 𝐵𝜖𝑅𝑛×𝑛 is the positive definite inertia matrix of the link and motor respectively, 

𝐶(𝑞)𝜖𝑅𝑛×𝑛 is the centripetal-Coriolis matrix, 𝐺(𝑞)𝜖𝑅𝑛 is the gravitational of the link dynamics, 𝜏𝜖𝑅𝑛×𝑛 

denotes the input torque vector, 𝐹𝜖𝑅𝑚 denote the vector of contact forces of the end-effector with the 

environment, 𝐽(𝑞)𝜖𝑅𝑚×𝑛 is Jacobean matrix which relates the velocities of the joint and Cartesian spaces as (5),  
 

𝑥̇ = 𝐽(𝑞)𝑞̇    (5) 
 

where 𝑥 ∈ ℝ𝑚represents the position vector of the end-effector. The environment is considered as a 

deformable and frictionless surface, where the contact force 𝐹 is assumed to vary proportionally with the 

deformation of the environment. 
 

𝐹 = 𝐾𝑒(𝑥 − 𝑥𝑒)      (6) 

 
 

 
 

Figure 2. Robot with rigid bodies and flexible joints 
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Here 𝐾𝑒𝜖𝑅𝑚×𝑚 is the diagonal matrix of the environment stiffness, 𝑥𝑒𝜖𝑅𝑚 is the position of the environment 

at rest, 𝜏𝜖𝑅𝑛×𝑛 denotes the input torque vector, 𝜏𝑒𝜖𝑅𝑛 is the elastic torque at flexible joints and it is modeled 

by (7), 

 

𝜏𝑒 = 𝐾(𝜃 − 𝑞)      (7) 

 

where 𝐾𝜖𝑅𝑛×𝑛 is positive diagonal matrix of joints stiffness. 

 

3.2.  Force controller design 

In the control scheme shown in Figure 1, a simple PI regulator shown in Figure 3 is utilized in the 

force control loop (FCL), where: 𝛥𝑥 =
1

𝐾𝑒
(𝐾𝑝𝑒𝐹 + 𝐾𝑖 ∫ 𝑒𝐹). A proportional–integral (PI) controller 

contributes to improving transient behavior and eliminating static error. Yet, in such a control configuration, 

the proper design of the position controller remains essential for robustness against external perturbations. 

 

 

 
 

Figure 3. Structure of external force control loop 

 

 

3.3.  Position controller design 

In this section, we will develop the inner loop for position control of the RLFJ robot, using the 

control scheme illustrated in Figure 4. As discussed earlier, the output of the force control loop is an 

increment, 𝛥𝑥, which is added to the desired trajectory to obtain a corrected desired trajectory, 𝑥𝑐𝑑 , in 

Cartesian space. This corrected trajectory must then be transformed into a joint space trajectory using the 

inverse kinematic model (IKM), expressed as 𝑞𝑑 = 𝐼𝐾𝑀(𝑥𝑐𝑑). 

 

 

 
 

Figure 4. Position control loop 

 

 

The position controller generates motor torque as its output. Unlike rigid robots, where the motor 

angle equals the joint angle 𝜃 = 𝑞, the joint flexibility in this case means 𝜃 ≠ 𝑞. Therefore, the desired 

trajectory must be expressed in terms of motor angular position rather than joint position. To achieve this, the 

dynamic model of the RLFJ robot (3) is used to derive the inverse dynamic model (IDM). 

 

𝑀(𝑞𝑑)𝑞𝑑̈ + 𝐶(𝑞𝑑 , 𝑞𝑑̇)𝑞𝑑̇ + 𝐺(𝑞𝑑) = 𝐾(𝜃𝑑 − 𝑞𝑑) + 𝐽𝑇𝐹          (8) 

 

𝜃𝑑 =
1

𝐾
(𝑀(𝑞𝑑)𝑞𝑑̈ + 𝐶(𝑞𝑑 , 𝑞𝑑̇)𝑞𝑑̇ + 𝐺(𝑞𝑑)) − 𝐽𝑇𝐹                   (9) 

 

One of the challenges in controlling an RLFJ robot is the incomplete information about the system’s 

state. In industrial robots, typically assumed to be perfectly rigid, angular position sensors are installed on the 
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motors, providing joint position information based on the relationship 𝜃 = 𝑁𝑞, where 𝑁 is the transmission 

reduction ratio. For simplicity, we assume 𝑁 = 1. However, in our case, the robot is not perfectly rigid 𝜃 ≠
𝑞, meaning joint position cannot be directly measured from motor sensors. To address this, a high-gain 

observer will be implemented, which will be briefly discussed later. Furthermore, the motor controller block 

will employ the fuzzy super-twisting algorithm to generate the required motor torque. 

 

3.3.1. High gain observer 

Industrial robots are typically equipped with sensors that measure the angular positions 𝜃 and 

currents of their actuators. However, due to transmission flexibility, the robot’s state cannot be directly 

measured from motor measurements. A common solution proposed in the literature is to use an observer to 

estimate the unmeasured states based on motor data. 

In the robots considered here, the motor states (𝜃 and 𝜃̇) and the force are directly measured. 

However, the approach proposed in the next section requires knowledge of the robot body states (𝑞 and 𝑞̇). 

To address this, the observer developed in this study is based on a nonlinear observer introduced in [16]. This 

observer estimates joint positions and body velocities using the measurements available from the motor axes. 

Defining the state variables 𝑥, as 𝑥1 = 𝑞  𝑥2 = 𝑞̇,  𝑥3 = 𝜃  𝑥4 = 𝜃̇ we obtain the following state 

space model. 

 

𝑥1̇ = 𝑥2 

𝑥2̇ = 𝑀(𝑥1)−1[𝜏𝑒 + 𝐽𝑇𝐹 − 𝐶(𝑥1, 𝑥2)𝑥2 − 𝐺(𝑥1)]               (10) 

𝑥3̇ = 𝑥4 

𝑥4̇ = 𝐵−1[𝜏 − 𝜏𝑒] 
 

The output (measured) variables are 𝑦1 = 𝑥3 and 𝑦2 = 𝑥4. We propose the coordinate transformation in (11). 

 

𝑧1 = 𝐾−1𝐵𝑥4 

𝑧2 = 𝑥1                                                        (11) 

𝑧3 = 𝑥2 

 

By differentiating the previous equations, we obtain (12). 

 

𝑧1̇ = 𝑧2 − 𝑦1 + 𝐾−1𝜏  

𝑧2̇ = 𝑥2 

𝑧3̇ = 𝛹(𝑧2, 𝑧3, 𝑦1)                                                         (12) 

 𝑦2 = 𝐵−1𝐾𝑧1 

 

Here, 𝛹(𝑧2, 𝑧3, 𝑦1) = 𝑀−1(𝑧2)[𝜏𝑒 + 𝐽𝑇𝐹 − 𝐶(𝑧2, 𝑧3)𝑧3 − 𝐺(𝑧2)]. The system (12) can be written as (13), 

 
𝑧̇ = 𝐴𝑧 + 𝑔(𝑧, 𝑦1, 𝑢)

𝑦2 = 𝐵−1𝐾𝐶𝑧
                                                            (13) 

 

with 𝐴 = [
0 𝐼 0
0 0 𝐼
0 0 0

] et 𝐶 = [𝐼 0 0], when 𝐼 and 0 are identity and zero matrices being of dimension 

𝑛𝑥𝑛., the vector 𝑔 can be expressed as: 

 

𝑔(𝑧, 𝑦1 , 𝑢) = [
𝐾−1𝑢 − 𝑦1

0
𝛹(𝑧2, 𝑧3, 𝑦1)

] 

 

We define the high-gain coefficient matrix as: 

 

𝛤 = [
𝐺𝐼 0 0
0 𝐺2𝐼 0
0 0 𝐺3𝐼

] 

 

where 𝐺 ≥ 1 is a high-gain scalar constant. Select a matrix 𝐾𝐺  such that all eigenvalues of 𝐴 − 𝐾𝐺𝐶 lie in the 

left half of the complex plane. Define the matrix 𝐾̄𝐺 = 𝐾𝐺𝐾−1𝐵 , and consider observer (14) corresponding 

to system (13). 
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𝑧̇ = 𝐴𝑧 + 𝑔(𝑧, 𝑦1, 𝑢) + 𝛤𝐾𝐺(𝑦2 − 𝐵−1𝐾𝐶𝑧)

𝑧3 =
𝑧3̂

‖𝑧3̂‖
𝑀𝑠sat (

‖𝑧3̂‖

𝑀𝑠
)                                         

𝑧2 = 𝑦1 −
𝑦1−𝑧2̂

‖𝑦1−𝑧2̂‖
𝑁𝑠sat (

‖𝑦1−𝑧2̂‖

𝑁𝑠
)                     

            (14) 

 

𝑀𝑠 and 𝑁𝑠 are known positive physical constants, where  ‖𝑥2‖ < 𝑀𝑠 and ‖𝑥1 − 𝑥3‖ < 𝑁𝑠. The function 

𝑠𝑎𝑡( ) is defined as: 

 

𝑠𝑎𝑡(𝑥) = {
𝑥 if |𝑥| ⩽ 1
1 if |𝑥| > 1

 

 

3.3.2. Super twisting sliding mode control 

In the existing literature, numerous second-order sliding mode algorithms have been presented. In 

this research, we utilize the super-twisting control (STSMC) algorithm. Originally conceived in [29] for 

nonlinear systems featuring a sliding variable with a relative degree of one, this algorithm was subsequently 

analyzed in [30]. The control objective is to design a suitable control law that allows the system’s control 

output to track the reference trajectory quickly and efficiently. 

As we saw previously, we will control the motors to follow the desired trajectory. The sliding 

surface 𝑆(𝑥, 𝑡) is defined as (15), (16). 

 

𝑆 = 𝛽𝑒 + 𝑒̇  (15) 
 

𝑆̇ = 𝛽𝑒̇ + 𝑒̈  (16) 

 

Here, 𝑒 = 𝜃 − 𝜃𝑑 represents the motor’s position tracking error, while 𝛽 denotes a positive design constant. 

The corresponding super-twisting control law can be formulated as (17), 

 

𝑢 = 𝑢𝑠𝑡𝑐 + 𝑢𝑒𝑞                                    (17) 

 

where 
 

𝑢𝑠𝑡𝑐 = −𝜆|𝑆|𝑝𝑠𝑖𝑔𝑛(𝑆) − ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆)       (18) 

 

The parameters 𝛽, 𝜆, and 𝛼are strictly positive constants, and 𝑝 =
1

2
. Their values are selected to 

ensure the stability of the system and the convergence of the tracking error to zero within a finite time. The 

term 𝑢𝑒𝑞denotes the equivalent control, which remains continuous and maintains the system on the sliding 

surface once this surface has been reached. To keep the system on the sliding manifold, the control 𝑢𝑒𝑞must 

satisfy the algebraic equation (19) to (21). 

 

𝑆 = 𝑆̇ = 0   (19) 
 

𝑆̇ = 𝛽𝑒̇ + 𝑒̈ = 0   (20) 
 

𝛽𝑒̇ + 𝑒̈ = 𝜃̈ − 𝜃𝑑̈ + 𝛽𝑒̇ = 0   (21) 

 

From (17) and (19) and the equation of the motors (4), (20) becomes (22). 

 

𝑢𝑒𝑞 = 𝐵(−𝛽𝑒̇ + 𝜃𝑑̈) + 𝜏𝑒             (22) 

 

The control 𝑢 became (23). 

 

𝑢 = 𝐵(−𝛽𝑒̇ + 𝜃𝑑̈) + 𝜏𝑒 − 𝜆|𝑆|
1

2𝑠𝑖𝑔𝑛(𝑆) − ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆)     (23) 

 

The stability proof can be found in [30], where geometric methods based on homogeneity are 

employed to analyze the convergence properties. Moreno and Osorio [32] introduced a quadratic Lyapunov 

function for the super-twisting controller (STC), which enables the study of finite-time convergence and 

robustness. In the present work, we consider the quadratic Lyapunov candidate function (24), 
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𝑉 =
1

2
𝑆𝑇𝐵𝑆                                              (24) 

 

where 𝐵 denotes the inertia matrix of the motors, which is strictly positive definite. Consequently, the 

Lyapunov function 𝑉is positive (𝑉 > 0) and differentiable. According to the Lyapunov stability criterion, if 

the time derivative 𝑉̇is strictly negative, the system trajectories will converge to the sliding surface. Thus, we 

obtain (25) and (26). 

 

𝑉̇ =
1

2
𝑆̇𝑇𝐵𝑆 +

1

2
𝑆𝑇𝐵𝑆̇ +

1

2
𝑆𝑇𝐵̇𝑆       (25) 

 

𝑉̇ = 𝑆𝑇𝐵𝑆̇ +
1

2
𝑆𝑇𝐵̇𝑆̇     (26) 

 

As we said before, 𝐵 is a constant and strictly positive definite matrix so 𝐵̇ = 0. 

 

𝑉̇ = 𝑆𝑇𝐵𝑆̇       (27) 

 

𝑉̇ = 𝑆𝑇𝐵(𝑒̈ + 𝛽𝑒̇)                    (28) 

 

𝑉̇ = 𝑆𝑇𝐵(𝜃̈ − 𝜃̈𝑑 + 𝛽𝑒̇)    (29) 

 

From the dynamic model (4) and (29), we can write: 

 

𝑉̇ = 𝑆𝑇𝐵(𝐵−1(𝑢 − 𝜏𝑒) − 𝜃̈𝑑 + 𝛽𝑒̇)            (30) 

 

𝑉̇ = 𝑆𝑇𝐵 (𝐵−1 (𝐵(−𝛽𝑒̇ + 𝜃𝑑̈) + 𝜏𝑒 − 𝜆|𝑆|
1

2𝑠𝑖𝑔𝑛(𝑆) − ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆) − 𝜏𝑒) − 𝜃̈𝑑 + 𝛽𝑒̇)        (31) 

 

𝑉̇ = −𝑆𝑇𝐵𝜆|𝑆|
1

2𝑠𝑖𝑔𝑛(𝑆) − 𝑆𝑇𝐵 ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆)    (32) 

 

We note (33). 

 

−𝑆𝑇𝐵𝜆|𝑆|
1

2𝑠𝑖𝑔𝑛(𝑆) < 0    (33) 

 

So, we have to demonstrate that −𝑆𝑇𝐵 ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆) < 0. 

 

𝑠𝑖𝑔𝑛(𝑆) = {
1 if 𝑆 ⩾ 0

−1 if 𝑆 < 0
    (34) 

 

∫ 𝑠𝑖𝑔𝑛 (𝑆)𝑑𝑡 = {
𝑡 if 𝑆 ⩾ 0

−𝑡 if 𝑆 < 0
       (35) 

 

−𝑆 ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆)𝑑𝑡 = {
−𝛼𝑆𝑡 if 𝑆 ⩾ 0
𝛼𝑆𝑡 if 𝑆 < 0

       (36) 

 

−𝑆 ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆)𝑑𝑡 = {
−𝛼𝑆𝑡 < 0 if 𝑆 ⩾ 0
𝛼𝑆𝑡 < 0 if 𝑆 < 0

       (37) 

 

So, 

 

 −𝑆 ∫ 𝛼 𝑠𝑖𝑔𝑛(𝑆) < 0        (38) 

 

According to (33) and (38), we can conclude that 𝑉̇ < 0. Therefore, based on Lyapunov’s theory, 

System stability under the Super-Twisting control is guaranteed as long as the parameters 𝛽, 𝜆, and 𝛼 remain 

strictly positive. 

 

3.3.3. Fuzzy logic system 

In this part we will use fuzzy logic (FLS) to generate the 𝑠𝑖𝑔𝑛(𝑆) function to increase the robustness 

of our control against unmodeled noises and to reduce the chattering effect caused by discontinuous control. 

The FLS will have the sliding surface 𝑆 and its derivative 𝑆̇ as inputs and 𝑠𝑖𝑔𝑛𝑓𝑙𝑠(𝑆) as output. It is 
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important to emphasize that the chattering phenomenon occurs when the system states approach the sliding 

surface 𝑆 = 0. In the proposed solution, the 𝑠𝑖𝑔𝑛(𝑆) function is calculated in the standard way when the 

system states are far from the sliding surface. Conversely, when the states approach the sliding surface 

closely, the FLS uses IF-THEN rules to generate the 𝑠𝑖𝑔𝑛𝑓𝑙𝑠(𝑆) function and alleviate chattering. Therefore, 

with this controller, the advantages of using a 𝑠𝑖𝑔𝑛(𝑆) function in STSMC control are preserved, as it 

continues to bring the system states back toward the sliding surface while effectively eliminating chattering 

as the system approaches the sliding surface. 

The fuzzy input 𝑆 and 𝑆̇ are defined as follows:  {𝐵𝑁, 𝑀𝑁, 𝑆𝑁, 𝑍𝐸, 𝑆𝑃, 𝑀𝑃, 𝐵𝑃} and the fuzzy 

output 𝑆𝑖𝑔𝑛𝑓 is characterized: {𝑀𝑁, 𝑆𝑁, 𝑍𝐸, 𝑆𝑃, 𝑀𝑃}, where BN= big negative, MN= medium negative, SN= 

small negative, ZE=Zero, SP= positive small, MP= medium, BP= big positive, we use the triangle 

membership functions for both fuzzy input and output variables, as shown in Figure 5. 

 

 

  
 

Figure 5. Fuzzy membership function for 𝑆, 𝑆̇ 𝑎𝑛𝑑 𝑠𝑖𝑔𝑛𝑓𝑙𝑠(𝑆) 

 

 

We used a base of IF-THEN rules with two entries and a single output (MISO), which is a collection 

of rules of the following form: 𝑅𝑙: if 𝑆 is 𝐴𝑆
𝑙  and 𝑆̇ is 𝐴𝑆̇

𝑙 ,then 𝑆𝑖𝑔𝑛𝑓 is 𝐵𝑙  or l=1.... N is the number of the 

rule, S and 𝑆̇ are the input variables, 𝑆𝑖𝑔𝑛𝑓 is the output variable and 𝐴𝑆
𝑙 , 𝐴𝑆̇

𝑙  and 𝐵𝑙 are the fuzzy sets. The 

inference system employs the MIN-MAX approach. Additionally, the fuzzy logic technique uses a centroid-

type defuzzification mechanism. 

 

 

4. RESULTS AND DISCUSSION  

In this section, our approach is validated through a simulation involving the three joints of the 

PUMA 560 robot [34]. The task consists in making the robot trace a circular trajectory on the YZ plane while 

continuously applying a constant desired force of 𝐹𝑑 = 200 N to the environment. To evaluate the robustness 

of the proposed method, a disturbance is introduced in the form of an additional mass 𝑚𝑝 = 2 𝑘𝑔, applied at 

time 𝑡 = 2 𝑠. This mass is not included in the system model and is therefore treated as an unknown 

disturbance. The stiffness constant of the environment is 𝐾𝑒𝑛𝑣 = 104. The stiffness matrix of the joints is 

given by 𝐾𝑒 = [ 7,61 * 105 ;7,16 * 105;2,16 * 105].  
Figures 6 and 7 represent respectively the joint angle and the motor angle. we also give in Figures 8 

and 9 respectively the joint error and the motor error. We observe accurate trajectory tracking of both joint 

and motor angles. Additionally, the joint angle errors shown in Figure 8 are negligible. We give robot 

tracking of the desired trajectory in Cartesian space, with its error, respectively in Figures 10 and 11. The 

error along the X-axis is caused by the end-effector penetrating the environment. 

The interaction force generated at the end-effector and its corresponding error with respect to the 

desired force are presented in Figures 12 and 13, respectively. We will now show in Figure 14 the difference 

between the motor angle and the joint angle α = 𝜃 − 𝑞 to visualize the effect of joint flexibility. As we saw 

previously, joint flexibility generates a difference between the motor angles and the joint angle 𝜃 ≠ 𝑞, and 

this difference, in our simulation, has a maximum value of 3,5 ∗ 10−3𝑟𝑎𝑑. This difference can adversely 

affect robot performance if it is not taken into account, especially when the robot must apply force to its 

environment. 
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Figure 6. Joint angle Figure 7. Motor angle 

 

 

  
  

Figure 8. Joint error Figure 9. Motor error 

 

 

  

  

Figure 10. Joint error Figure 11. Motor error 

 

 

  
  

Figure 12. Force Figure 13. Force error 
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Figure 14. Flexibility effect 

 

 

5. CONCLUSION  

In this paper, a hybrid force-position control strategy for RLFJR has been proposed, integrating 

fuzzy logic with the FSTSMC approach. The method aims to reduce the negative effects of joint flexibility 

and improve the tracking accuracy of force and position in constrained environments. Simulation results on 

the PUMA 560 robot demonstrated that the proposed control strategy enhances robustness to external 

disturbances and reduces the convergence time of tracking errors compared to conventional methods. 

This simulation consisted of making the robot (end-effector) follow a circular trajectory while 

applying a force to the environment. We presented the simulation results, which we found conclusive, 

showing the convergence of the error to 0 in a very short time (<1 s) and a substantial decrease of the 

chattering phenomenon. Future work will focus on experimental validation using a physical robotic platform 

and extending the approach to multi-contact scenarios or tasks involving dynamic interactions. 
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