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Design and control of surgical robots for minimally invasive surgery have 

considerable challenges in handling unknown robot dynamics, 

environmental uncertainties, desirable workspaces, and fast motion 

reactions. Realistic operational requirements regarding kinematics and 

dynamics of the robot and its actuators also lead to joint elasticity; 

therefore, further concerns regarding sustained chattering, vibration, and 

instability are raised. Accordingly, the robot proposed here is designed 

based on a hybrid structure, consisting of two parallel and serial 

manipulators, aiming for the desired rigidity and acceptable 

manipulability requirements of robotic surgeries. Furthermore, a 

decentralized sliding mode controller with an indirect adaptive fuzzy 

estimator based on a voltage control strategy is employed to tackle the 

challenges of controlling such as chattering phenomenon, control loop's 

speed, and stability against uncertainties. In contrast to the traditional 

sliding mode controllers, the control law is free from robot dynamics, the 

control signals' chattering is reduced, and bounded input-bounded output 

stability is shown without knowing the uncertainty bounds on robot 

dynamics. Simulation and experimental studies indicate that this approach 

is realistic. 
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1. Introduction  

Minimally Invasive Surgery (MIS) is a medical 

procedure that makes small incisions (less than 

10mm in diameter) and performs surgery using the 

laparoscopic instruments inserted through small-

diameter trocars placed at the incisions. Reducing 

patient trauma, reducing bleeding during surgery, 

reducing damage to the body's tissues, faster 

recovery, and fewer healthcare costs are 

advantages of MIS than traditional open surgery. 

Robot manipulators are increasingly being used in 

surgical operations to improve the accuracy and 

comfort of the surgical processes because they can 

remove tremors of the surgeon's hand, reduce 

fatigue of the surgeon's eyes, and increase the 

doctor's reachability. This means increasing 

maneuverability of both hands, 360º wrist 

rotations, and 3D visualization. Therefore, robotic-

assisted minimally invasive surgery has brought 

innovations into MIS and has enhanced surgeons' 

capabilities by coupling their knowledge with 

robotic manipulability.  Meanwhile,  robots have 

some disadvantages in this process, including a 

higher initial cost, higher maintenance, and longer 

setup time. Still, in the tradeoff between 

advantages and disadvantages, the advantages 

outweigh the disadvantages. 

The robots that used in MIS can be classified 

into two categories: the first integrates the 

laparoscope holders such as the AESOP [1] and 

PARAMIIS laparoscope manipulators [2], and the 

second act as the assistant to the surgeons such as 

HERMES, Zeus, Hansen's Sensei, and da Vinci 

[3]. In addition to these divisions, small and 

individual surgical robots have been considered, 

such as miniature parallel robots for spine and 

trauma surgery, directly mounted on the patient's 

bone [4]. Recent research [5-9] shows that surgical 

robots are currently an exciting research topic, and 

new research directions lead to the development of 

new robotic surgery devices in the future. 

This paper designs an elastic joint hybrid robot, a 

combination of parallel and serial robots, which 

resolve some challenges in the currently developed 

systems. This combination benefits from the 

parallel robots' accuracy and the manipulability of 

the serial robot's workspace. Torque mode control 

is the typical strategy that uses for surgical robots. 

Most of the control approaches assume precisely 

the knowledge of the robot dynamics. However, 

this knowledge may be unavailable. Due to the 

nonlinearity and coupling in the surgical robots' 

dynamics, designing a controller based on torque 

mode control strategy is complicated and often 

carries high computational complexity. 

Furthermore, these schemes often ignore their 

electric actuators' dynamics, whereas these 

actuators have an essential role in performing 

high-precision tasks. The transmission system's 

deformation further produces elasticity in the 

joints, which is the main source of vibration or 

even instability in robots [10]. It also presents 

additional complexity and nonlinearity through its 

input-output coupling. Hence, high precision 

applications of an elastic joint robot seem to be 

difficult since the link position does not directly 

follow the actuator position. In other words, the 

degrees of freedom become twice the number of 

control actions. Additionally, the controllers based 

on torque mode strategy need one more control 

loop to produce the desired torque by controlling 

the actuators' current. 

To overcome the stated shortcomings, this paper 

uses a voltage mode control strategy that is free 

from robot dynamics [11]. This strategy is an 

evolving field of research, accepted worldwide due 

to its advantages. Adaptive Taylor series control 

[12], robust control [13], impedance control [14], 

adaptive control [15], and approximation control 

[16] show the superiority of this strategy. These 

theories have been implemented on the serial 

robot, but the voltage mode control strategy is used 

on the hybrid surgical robot for the first time in 

this paper.  

Sliding mode control is often used to guarantee 

systems' stability with unknown dynamics, 

parametric uncertainties, and noise in the available 

output, such as a robotic system [17-19]. However, 

these controllers lead to undesirable chattering 

while reaching good theoretical results. 

Furthermore, they require the limits of uncertainty 

to be known. To gain mastery over this difficulty, 

this paper presents a novel sliding mode control 

based on voltage control strategy, in which an 

indirect adaptive fuzzy estimator is used for the 

elastic joint hybrid surgical robot. This is in 

contrast to recent work by authors in which brain 

emotional learning is used to estimate the robot 

dynamics [20], and the computational closed-loop 

control cycle in this work is shorter than [20]. This 

method carries more straightforward dynamics 

while also being more effective than the torque 

mode control strategy. Finally, the bound of 

uncertainty is not necessary for this approach.  

Another novelty of this controller is that it uses 

one control loop to control the joint angles directly 

instead of using two control loops used in most 

previous controllers. This paper aims to design a 

chatter-free and stable control law, using the least 

knowledge about the robot dynamics while 

lowering the computational burden. 

This paper is organized into the following 

sections. Section 2 discusses the elastic joint 

hybrid surgical robot's modeling. The proposed 
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control architecture is introduced in Section 3. 

Section 4 provides a theoretical stability analysis 

of the closed-loop system. Simulation results, 

comparisons with a competing strategy, and 

experimental results are provided in Section 5. 

Finally, conclusions are drawn, and avenues for 

future work are discussed in Section 6. 

 

Table 1. List of acronyms 

Symbol Description 

ή The vector of joint angles 

—  The vector of rotor angles 

Ὀή Inertia matrix of the manipulator 

ὅήȟήή Vector of centrifugal and Coriolis forces 

Ὃή The vector of gravitational forces 

†  Torque vector of motors 

ὐ Motor inertia 

ὄ Motor damping 

ὶ Reduction gear 

ὑ Lumped flexibility of the joint and reduction gear 

ὠ The vector of motor voltages 

Ὅ The vector of motor currents 

Ὑ Armature resistance 

ὒ Armature inductance 

ὑ  Back-emf constant 

ὑ  Torque constants diagonal matrix 

ὢ State vector 

ὲ The number of mobile element 

ά The number of one ὈὕὊ joint 

T The time of operation 

‘ A parameter of the desired trajectory 

yrotcejart derised eht fo retemarap A ‮ 

ί Sliding surface 

Ὡ The tracking error 

‗ A constant and positive coefficient 

‍ A constant and positive coefficient 

‐ Approximation error 

‘ ȟ‘  Input membership function 

‘  Output membership function 

ώ The center of ὅ 

2. Robot kinematic design and modeling 

Robots lose their generality for different 

surgeries with smaller workspaces, while larger 

workspaces lower the operation accuracy; 

therefore, workspace is an essential issue for the 

surgical robot, and some researchers focus on this 

subject [21-24]. 

In this paper, a new hybrid surgical robot shown 

in Fig.1 is designed to be used in MIS applications 

such as abdominal and urology surgeries. This 

robot consists of two main subsystems: a parallel 

manipulator used here as a base for its inherent 

properties such as accuracy and rigidity, and a 

serial manipulator used for its improved robot's 

workspace and manipulability of the active 

instruments, such as cutting, suturing, and 

grasping. It is necessary to mention that the serial 

manipulator is extensively discussed by [10], while 

the rest of this section addresses parallel robot 

modeling. 

According to the surgical operation, higher 

accuracy, higher load-to-weight ratio, and more 

miniature size robots are necessary; therefore, a 

Revolute Spherical Universal (RSU) structure is 

designed for the parallel robot. The moving and 

base platforms are connected with six limbs and 

six RSU structures. Finally, the serial robot is 

located on the moving platform. 

To determine the total number of Degree of 

Freedom (ὈὕὊ) for this hybrid surgical robot, we 

should find the ὈὕὊ of each part separately. The 

serial robot has three revolute joints; therefore, the 

number of ὈὕὊ is 3; the details of the ὈὕὊ 

analysis can be found in [25]. To find the ὈὕὊ of 

the parallel robot, we used the Grubler-Chebyshev-

Kutzbach relation that is expressed as,  

                       ὈὕὊ φὲ υά,                              (1) 

According to Table 1, ὲ is the number of mobile 

elements, and ά is the number of one ὈὕὊ joints. 

Due to Fig.2, which illustrates the RSU structure, 

in each chain, five rigid elements exist in addition 

to the base platform, and the moving platform is 

another one; therefore, the number of the mobile 

element is ὲ φz υ ρ σρ, and the number of 

one ὈὕὊ joint is ά φz φ σφ.  Therefore by 

using (1), the ὈὕὊ of the parallel robot be obtained 

as follows, 

               ὈὕὊ φz σρ υz σφ φ.                       (2) 

Eventually, the total number of ὈὕὊ for the hybrid 

surgical robot is, 

                      ὈὕὊ σ φ ω.                              (3) 

According to the nine ὈὕὊ, nine DC motors are 

used to drive this robot, i.e., each revolute joint has 

a separate actuator. We consider the actuator 

dynamics and robot dynamics for more accurate 

and realistic modeling and use a power 

transmission mechanism between the robot and the 

actuator. Due to the gear's presence in the power 

transmission systems and joints moving in 
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different directions, elasticity is created; therefore, 

a linear torsional spring is used to model the joint 

elasticity. This phenomenon is the source of 

vibration and instability in robot movement. 

Furthermore, the robot model is a highly nonlinear, 

computationally extensive, strongly coupled, and 

multi-input/multi-output system with 2ὲ 
coordinates. These complexities have been a 

considerable challenge in robot modeling and 

control.  

Integrated state-space modeling is introduced in 

this paper using the dynamics and kinematics of 

robots, including actuator modeling. According to 

[10], the dynamic equation of the robot can be 

shown as, 

         Ὀήή ὅήȟήή Ὃή ὑὶ— ή,       (4) 

         ὐ— ὄ— ὶὑὶ— ή † ,                  (5) 

where — —   —  and ή ή ή  are the 

vector of the rotor and joint angles, individually, 

also the sub-indexes ὴȟί are used for parallel and 

serial manipulators, respectively. Therefore, this 

framework has 2ὲ coordinates as ήȟ— . 

Also, ὈήᶰὙ  is the inertia matrix of the 

manipulator, ὅήȟήήɴ Ὑ is the vector of 

centrifugal and Coriolis forces, ὋήᶰὙ  is the 

vector of gravitational forces and † ᶰὙ is the 

vector of the motor's torque. ὐ, ὄȟ and ὶɴ Ὑ   are 

the diagonal matrices represent the coefficients of 

the motor inertia, motor damping, and reduction 

gear, respectively. The diagonal matrix ὑ 

represents the lumped elasticity of the joints and 

reduction gears together. 

The generalized coordinates are separated into 

two sets as ή  ή  ή . So we have, Ὀή
Ὀ Ὀ

Ὀ Ὀ
ȟὅήȟή

ὅ ὅ

ὅ ὅ
ȟὋή

Ὃ

Ὃ
. To obtain 

the motor voltage as an input, consider the 

electrical equation of the DC motors in the below 

matrix form, 

                ὙὍ ὒὍ ὑ— ὠ,                    (6) 

due to Table 1, ὠᶰὙ  is the vector of motor 

voltages, ὍᶰὙ  is the vector of motor currents 

and — is the vector of rotor velocities. Ὑȟὒȟὑ ᶰ

Ὑ  represent the diagonal matrices for the 

coefficients of armature resistance, armature 

inductance, and back-emf constant, respectively. 

Motor torques † as input for (5) is produced by 

the motor currents vector, as follows, 

                                  † ὑ Ὅ,                          (7) 

where ὑ  is the diagonal matrix of the torque 

constants. Equations (4)-(7) form the robotic 

system so that the voltage vector ὠ is the input 

vector, and the joint angle vector ή is the output  

 

 

 

 

 

 

 

 

 

Figure 1. Hybrid surgical robot 

 

Figure 2. RSU kinematic chain 

vector. Utilizing (4)-(7), the state-space model of 

the electrically driven elastic joint hybrid surgical 

robot can be derived as, 

                    ὢ Ὢὢ ὦὠ,                              (8) 

Ὢὢ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὢ

Ὀ ὢ Ὃὢ ὑὢ ὅὢȟὢ ὢ ὑὶὢ
ὢ

ὐ ὶὑὢ ὶὑὢ ὄὢ

ὒ ὑὢ Ὑὢ

ὑ ὢ

Ứ
ủ
ủ
ủ
ủ
Ủ

, 

                    ὦ

ụ
Ụ
Ụ
Ụ
ợ
π
π
π
π
ὒ Ứ
ủ
ủ
ủ
Ủ

  ὢ

ụ
Ụ
Ụ
Ụ
ợ
ή
ή
—

—
ὍỨ
ủ
ủ
ủ
Ủ

.                            (9) 

Equations (8) and (9) show a coupled nonlinear 

multivariable system. The complexity of the model 

has been a severe challenge in this paper. Hence, 

modeling and controlling this robot is an 

appropriate challenge to show the proposed control 

method's art in the surgical robot field. 

3. Proposed controller  

A stable decentralized sliding mode controller 

with an indirect adaptive fuzzy estimator is 

proposed based on the voltage control strategy. To 

design the sliding mode controller, the electrical 

equation of each motor that given by (6) should be 
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changed to the standard model; therefore, one of 

the novelties of this paper is that prepared this 

model by using the joint velocity, (6) can be 

represented as, 

           ή ή ὙὍ ὒὍ ὑ— ὠ.              (10) 

The system (10) is re-expressed as, 

                            ή Ὄ ὠ,                              (11) 

Function Ὄ is expressed as, 

        Ὄ ὙὍ ὒὍ ὑ— ή.                      (12) 

 The sliding surface that use to design the 

controller is defined as, 

                      ί Ὡ ‗᷿ Ὡ Ὠὸ ,                          (13) 

where Ὡ is the tracking error represented by,                                                                                                            

                          Ὡ ή ή,                             (14) 

in which ή and ή are the desired and actual joint 

angles, successively and ‗ in (13) is a constant and 

positive coefficient. 

A positive definite function ɤ is suggested to 

obtain the control law,                                                                                                

                              ɤ ί.                             (15) 

The derivative of the above positive definite 

function with respect to time is calculated as,                                                                                                     

                           ɤ ίί.                                  (16) 

If ɤ π then ίO π. Hence, let                                                                                                  

                          ίί ‍ȿίȿ,                            (17) 

                     ίίὫὲί ‍,                            (18) 

where ‍ is a constant and positive coefficient and 

ίὫὲί ίȿίȿϳ .  ί is calculated by using (13) and 

substituting into (18) yields,                                                                                               

                  Ὡ ‗ὩίὫὲί ‍.                    (19) 

By replacing (11) in to (19), 

              ή Ὄ ὠ ‗ὩίὫὲί ‍,           (20) 

where Ὄ is formulated as,                                                                                                   

                       Ὄ Ὄ ɝὌ,                             (21) 

                      Ὄ ή,                                     (22) 

               ɝὌ ὙὍ ὒὍ ὑ— .                   (23) 

Based on two reasons, the effect of ὒὍ is 

ignorable. The first one is that the electrical time 

constant of the DC motor is significantly smaller 

than its mechanical time constant, and the second 

is that Ὅ might be noisy, and measuring is not 

recommended [26]. Therefore, 

                ɝὌὍȟ— ὙὍ ὑ— .                (24) 

By substituting (22) and (24) to (21) and then (21) 

to (20),                                  

ή Ὄ ὠ ‗ὩɝὌὍȟ— ίὫὲί ‍.    (25) 

Control law ὠ is calculated by multiplying both 

sides of (25) in ίὫὲί,  

             ὠ Ὡ ‗ὩɝὌὍȟ— ‍ίὫὲί.      (26) 

  Computing the uncertainty limitation is one of the 

sliding mode controller challenges. To overcome 

this shortcoming in this paper, the indirect 

adaptive fuzzy estimator is employed to estimate  

ɝὌὍȟ— Ȣ  

The vectors of motor current and rotor velocity are 

considered as input of adaptive fuzzy estimator, 

                                ὼ Ὅ,                            (27) 

                               ὼ — .                           (28) 

By assigning three membership functions to each 

fuzzy input, the whole space is covered by nine 

fuzzy rules. To obtained the fuzzy linguistic rules, 

the Mamdani type is used, 

  ὙόὰὩ ὰ: If  ὼis ὃ and  ὼ is ὄ Then ɝὌ is ὅ,        

(29) 

where ὙόὰὩ ὰ with ὰ ρȟȣȟω, denotes the ὰth fuzzy 

rule. In the ὰth rule, ὃ, ὄ, and ὅ are fuzzy 

membership functions for variables ὼ, ὼ and ὠ, 

respectively. However, since the precise 

information on the ranges of ὼ and ὼ are not 

provided, Ὓ shape and ὤ shape membership 

functions are employed for ὖ and ὔ, respectively. 

These three functions are expressed as, 

‘ ὼ

ừ
Ừ

ứ
π                                            ὼ π

ςὼ                                  π ὼ πȢυ

ρ ςὼ ρ        πȢυ ὼ ρ
ρ                                             ὼ ρ

, 

‘ ὼ

ừ
Ừ

ứ
ρ                                           ὼ ρ

ρ ςὼ ρ        ρ ὼ πȢυ

ςὼ                          πȢυ ὼ π
π                                               ὼ π

 ,             

 

  ‘ ὼ Ὡὼὴ           „ πȢσ.                   (30) 

The membership functions for ὼ  are similar to 

ὼ. The Gaussian membership functions are 

determined for the output expressed by,                                                                                   

          ‘ ɝὌ Ὡὼὴ ,                (31) 

where ώ is the center of  ὅ . If we use the 

Mamdani inference engine, singleton fuzzifier, and 

center average defuzzifier, along with (29)-(31), 

ɝὌ is calculated by [27], 

    ɝὌ В ώ‪ ὼȟὼ Ùʕὼȟὼ ,          (32) 

where ʕ ‪ ȣ‪ in which ‪ is called a fuzzy 

basis that is a positive value expressed as:                                                                                    

              ‪ ὼȟὼ
В

 ,             (33) 

where  ‘ȟ‘ ᶰπȟρ; therefore,  ȿ‪ ὼȟὼ ȿ ρ, 

hence fuzzy function ʕ is bounded. Parameters 

Ù  in (32) are determined by the adaptive rule 

afterward.  
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Fuzzy systems can be considered as general 

estimators, therefore,                                                                                             

            ЎὌ Ùʕὼȟὼ  (34)                          ,צ

where Ù is the desired value of Ù and צ is the 

estimation error that is bounded according to the 

general approximate theorem [10]. 

  The following closed-loop control system is 

obtained by substituting control low (26) to the 

system (11). 

  ή Ὄ Ὡ ‗ὩɝὌὍȟ— ‍ίὫὲί,       (35) 

by substituting (11), (22), (32) and (34) into (35), 

 Ὡ ‗Ὡ‍ίὫὲί Ù Ù ʕὼȟὼ  (36)    .צ

To obtain the adaptive law, a positive definite 

function ύ is suggested as, 

         ύ Ὡ ώ ώ ώ ώ.              (37) 

The derivative of the positive definite function ύ 

with respect to time is calculated as,                                                                                                  

          ύ ὩὩ ώ ώ ώ.                          (38) 

by substituting (36) into (38), 

 ύ ‗Ὡ Ὡ ώ ώ ʕ צ ‍ίὫὲί  

                                  ώ ώ ώ                           (39) 

 To compute the adaptive law, we should rewrite 

(39), 

 ύ ‗Ὡ ώ ώ Ὡʕ ώ  

                                Ὡ‭ ‍ίὫὲί Ȣ                     (40) 

If an adaptive law is given by,                                                                                                     

                             ώ ‍Ὡʕ,                             (41) 

parameters of the fuzzy estimator are obtained as, 

                      ώ ‍᷿ ὩʕÄÔώπ.                    (42) 

4. Stability analysis 

In this section, quantitative analysis and Bounded 

Input-Bounded Output (BIBO) analysis are 

presented for the stability of the closed-loop 

control system (35).  

4.1. Quantitative analysis 

According to (41), (40) is re-expressed as, 

                ύ ‗Ὡ Ὡ‐ ‍ίὫὲί ,           (43) 

the tracking error reduces if  ύ π. Thus, 

satisfying  ύ π results in                                                                                           

                   Ὡ‐ ‍ίὫὲί ‗Ὡ.                  (44) 

  According to Ὡ‐ ‍ίὫὲί ȿὩȿȿ‐ȿ ‍, the 

equation (44) satisfied if,                                                                                             

                         
ȿȿ

ȿὩȿ.                               (45) 

According to (37), ύ is a positive definite function, 

and since  
ȿȿ

ȿὩȿ then ύ π. From Lyapunov's 

theorem, the size of the tracking error reduces until 

it goes into a ball with a radius  
ȿȿ

 which means 

that the tracking error for each joint is ultimately 

uniformly bounded. The tracking error becomes 

small if a sufficiently large ‗ is selected. However, 

the control law (26) is sensitive to ‗ such that a 

significant value makes a massive change in the 

control effort in the case of a slight change in the 

tracking error. 

4.2. BIBO analysis 

The following assumptions are necessary to 

make the tracking error dynamics well defined 

such that the robot can follow the desired 

trajectory.   

Assumption 1: The desired trajectory ή must be 

smooth in the sense that ή and its derivatives up 

to necessary orders are available, and all are 

uniformly bounded [28]. 

Assumption 2: The voltage of the electric motor 

must be bounded, i.e., ȿὠȿ ὠ . This assumption 

safeguards the electric motor against overvoltage. 

Theorem 1: By considering Assumption 1 for the 

closed-loop control system (35), The variables Ὡ, Ὡ, 

ή and ή remain bounded.  

Proof: According to (45), Ὡ is bounded. On the 

other hand, the boundedness of ή is proved by 

considering Assumption 1 and (14). In other 

words, Assumption 1 shows the desired trajectory 

is bounded and (14) is a linear equation; since Ὡ 
and ή are bounded, ή is bounded.  Equation (36) 

is a linear first-order system; since fuzzy function, 

estimation error, tracking error, and estimation 

parameter error are bounded, Ὡ is bounded. 

Additionally, from the boundedness of the desired 

trajectory derivatives ή  in Assumption 1, and 

since ή ή Ὡ the boundedness of Ὡ also implies 

that ή  is bounded.ƴ 

Theorem 2: By considering characteristics of 

Assumption 2, system (8) and controller (26), if 

ɝὌὍȟ—  is bounded then ) and —  are bounded. 

Proof: Assumption 2 indicates that ὠ is bounded, 

according to (26) and Theorem 1, the boundedness 

of ὠȟὩȟὩȟ‍ίὫὲί implies that ɝὌὍȟ—  is 

bounded. Therefore, according to (24) since 

ɝὌὍȟ—   is bounded, Ὅ and —  are bounded. ƴ 

Theorem 3: By considering the boundedness of ή, 

Ὅ and — , that proved in Theorem 1 and 2, — is 

bounded. 

Proof: The dynamic equation of actuator is 

expressed in (5), substituting † (7) into (5) yields, 

    ὐ— ὄ— ὶὑ— ὑ Ὅ ὶὑή,     (46) 
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since ὐ, ὄ and ὶὑ are positive diagonal matrices, 

according to Theorem 1, the linear system 

expressed by (46) is stable with the bounded 

input ὑ Ὅ ὶὑή. As a result, the output —  is 

bounded. ƴ 

In summary, all system states are bounded. Thus, 

it is concluded that the proposed controller 

guarantees BIBO stability. 

5. Result 

Simulation and experimental analysis are carried 

out to verify further the proposed controller's 

effectiveness on the designed surgical robot.  The 

actuator dynamic plays a fundamental role in this 

simulation and experimental study. Hence, each 

joint is separately controlled in the joint space, i.e., 

the proposed control law (26) is applied to each 

motor. The vital tip is that the controller is based 

on a voltage mode control strategy. Table A in 

Appendix provides the robot's and motors' 

parameters, and Fig.3 illustrates the block diagram 

of the proposed approach closed-loop control 

system. To consider the parametric uncertainty, it 

is assumed that simulation parameters are about 

80%  of their actual values provided in Table A in 

the Appendix. 

   Each controller's parameters are given in Table B 

in Appendix, which are determined by the Taguchi 

optimal method introduces in [29] to achieve 

reasonable error. The performance index that is 

used in this paper is Mean Squared Error (MSE) 

that defined as, 

ὓὛὉ
᷿ Ὡ Ὡ Ễ Ὡ Ὠὸ

᷿ Ὁ Ὁ Ὁ Ὠὸ
,         (47) 

where Ὕ is the duration of operation, Ὡ, Ὡé Ὡ are 

the tracking errors for joints 1, 2,é 9, respectively. 

As well as Ὁ, Ὁ and Ὁ are the end effector's 

tracking error in the Cartesian space. 

    Also, the control of the surgical robot in the 

Cartesian space is a significant challenge; 

therefore, the proposed controller is evaluated in 

this space for simulation and experimental study. 

The computer adopted here is an Intel Core-i7, 

CPU 2.60 GHz, with 8G RAM to model the robot 

and produce the surgical simulator. The surgical 

robot simulation is accomplished by combining the 

SimMech toolbox of MATLAB with SolidWorks 

to reach accurate and realistic results.  

5.1. Case study 1: Regulator scenario in the 

joint space 

The regulator motion control is a standard test 

performed in many robotic applications to show 

the controller's efficiency. The desired joint angles 

are set to 1 rad to test the proposed controller. 

Control performances have been satisfactory as the 

joint angles converge to the desired value with 

insignificant chattering by minor final error, as 

shown in Fig.4. The MSE index in this simulation 

is πȢπρωτχ rad. Fig.5 illustrates that the motors 

respond quickly with high actuation values within 

the permitted voltages at the beginning and reduce 

gently during the simulation; finally, the current of 

motors is depicted in Fig.6. 

 

 

 

Figure 3. Block diagram of the proposed controller 
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Figure 4. Motor errors for case study 1 (regulator scenario in the joint space) 

 

 

 

Figure 5. Motor voltages for case study 1 (regulator scenario in the joint space) 

 

 

 

Figure 6. Motor currents for case study 1 (regulator scenario in the joint space) 
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5.2. Case study 2: Tracking scenario in the 

joint space 

Tracking motion control is another test performed 

in robotic applications to evaluate the controller's 

performance. The desired trajectories are 

sufficiently smooth so that all of its derivatives up 

to the required order are bounded. The desired 

trajectory is designed based on the cubic equation 

for each joint; as a result, it is given by, 

                        ή ‘Ὕ Ὕ‮ ,                      (48) 

where Ὕ is the operation's duration, and Table C in 

Appendix presents the other desired trajectory 

parameters for each joint and Fig.7 shows these 

trajectories. 

 

This controller tries to counteract the elasticity 

and chattering effects in the surgical robot's 

control, which are fundamental challenges in this 

area. Fig.8 shows the control system's 

performance. According to this figure, the 

performance index should be reduced, and the 

simulation shows the MSE is υ ρπ rad. As seen 

in Fig.9, the control efforts behave well within 

their bounds and without the system chattering 

phenomenon that appears in the traditional sliding 

mode controller. Finally,  Fig.10 shows the 

currents of motors. 

 

 

 

 

Figure 7. The desired trajectories for case study 2 (tracking scenario in the joint space) 

 

 

 

Figure 8. Motor errors for case study 2 (tracking scenario in the joint space) 


