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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 

  The vector of joint angles 

   The vector of rotor angles 

 ( ) Inertia matrix of the manipulator 

 (   ̇) ̇ Vector of centrifugal and Coriolis forces 

 ( ) The vector of gravitational forces 

   Torque vector of motors 

  Motor inertia 

  Motor damping 

  Reduction gear 

  Lumped flexibility of the joint and reduction gear 

  The vector of motor voltages 

   The vector of motor currents 

  Armature resistance 

  Armature inductance 

   Back-emf constant 

   Torque constants diagonal matrix 

  State vector 

  The number of mobile element 

  The number of one     joint 

T The time of operation 

  A parameter of the desired trajectory 

  A parameter of the desired trajectory 

  Sliding surface 

  The tracking error 

  A constant and positive coefficient 

  A constant and positive coefficient 

  Approximation error 

        Input membership function 

    Output membership function 

 ̂  The center of    

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 (   ) for this hybrid surgical robot, we 

should find the     of each part separately. The 

serial robot has three revolute joints; therefore, the 

number of     is 3; the details of the     

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

the parallel robot, we used the Grubler-Chebyshev-

Kutzbach relation that is expressed as,  

                                ,                              (1) 

According to Table 1,   is the number of mobile 

elements, and   is the number of one     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           , and the number of 

one     joint is         .  Therefore by 

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

as follows, 

                              .                       (2) 

Eventually, the total number of     for the hybrid 

surgical robot is, 

                               .                              (3) 

According to the nine    , 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 2  

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, 

          ( ) ̈   (   ̇) ̇   ( )   (     ),       (4) 

           ̈    ̇    (     )    ,                  (5) 

where    ,        - and   [     ] are the 

vector of the rotor and joint angles, individually, 

also the sub-indexes *   + are used for parallel and 

serial manipulators, respectively. Therefore, this 

framework has 2  coordinates as ,    -. 

Also,  ( )       is the inertia matrix of the 

manipulator,  (   ̇) ̇     is the vector of 

centrifugal and Coriolis forces,  ( )     is the 

vector of gravitational forces and     
  is the 

vector of the motor's torque.  ,    and         are 

the diagonal matrices represent the coefficients of 

the motor inertia, motor damping, and reduction 

gear, respectively. The diagonal matrix   

represents the lumped elasticity of the joints and 

reduction gears together. 

The generalized coordinates are separated into 

two sets as   [       ]. So we have,  ( )  

[
     
     

]   (   ̇)  [
     
     

]   ( )  [
  
  
]. To obtain 

the motor voltage as an input, consider the 

electrical equation of the DC motors in the below 

matrix form, 

                         ̇     ̇   ,                    (6) 

due to Table 1,      is the vector of motor 

voltages,     
  is the vector of motor currents 

and  ̇  is the vector of rotor velocities.          

     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, 

                                         ,                          (7) 

where    is the diagonal matrix of the torque 

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

system so that the voltage vector   is the input 

vector, and the joint angle vector   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, 

                     ̇   ( )    ,                              (8) 

 ( )  

[
 
 
 
 
 

  
   (  )(  (  )       (     )       )

  
   (      

         

    (        )
    )

]
 
 
 
 
 

, 

                      

[
 
 
 
 
 
 
 
 
   ]
 
 
 
 

    

[
 
 
 
 
 
 ̇
  
 ̇ 
  ]
 
 
 
 

.                            (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, 

            ̇   ̇         ̇     ̇   .              (10) 

The system (10) is re-expressed as, 

                             ̇     ,                              (11) 

Function   is expressed as, 

                 ̇     ̇   ̇.                      (12) 

 The sliding surface that use to design the 

controller is defined as, 

                           ∫      ,                          (13) 

where   is the tracking error represented by,                                                                                                            

                                ,                             (14) 

in which    and   are the desired and actual joint 

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

positive coefficient. 

A positive definite function   is suggested to 

obtain the control law,                                                                                                

                                
 

 
  .                             (15) 

The derivative of the above positive definite 

function with respect to time is calculated as,                                                                                                     

                            ̇    ̇.                                  (16) 

If  ̇    then    . Hence, let                                                                                                  

                            ̇    | |,                            (17) 

                      ̇   ( )    ,                            (18) 

where   is a constant and positive coefficient and 

   ( )   | |⁄ .   ̇ is calculated by using (13) and 

substituting into (18) yields,                                                                                               

                  ( ̇    )   ( )    .                    (19) 

By replacing (11) in to (19), 

              ( ̇        )   ( )    ,           (20) 

where   is formulated as,                                                                                                   

                          ̅    ,                             (21) 

                       ̅    ̇,                                     (22) 

                         ̇     ̇ .                   (23) 

Based on two reasons, the effect of    ̇ 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   ̇ might be noisy, and measuring is not 

recommended [26]. Therefore, 

                  ̅̅ ̅̅ (    ̇ )         ̇ .                (24) 

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

to (20),                                  

( ̇   ̅         ̅̅ ̅̅ (    ̇ ))   ( )    .    (25) 

Control law   is calculated by multiplying both 

sides of (25) in    ( ),  

                ̇       ̅̅ ̅̅ (    ̇ )      ( ).      (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  

  ̅̅ ̅̅ (    ̇ )   

The vectors of motor current and rotor velocity are 

considered as input of adaptive fuzzy estimator, 

                                     ,                            (27) 

                                   ̇ .                           (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, 

        : If    is    and     is    Then   ̅̅ ̅̅  is   ,        

(29) 

where        with        , denotes the  th fuzzy 

rule. In the  th rule,   ,   , and    are fuzzy 

membership functions for variables   ,    and  , 

respectively. However, since the precise 

information on the ranges of    and    are not 

provided,   shape and   shape membership 

functions are employed for   and  , respectively. 

These three functions are expressed as, 

  (  )  

{
 

 
                                                 

   
                                           

   (    )
                

                                                  

, 

  (  )  

{
 

 
                                                 

   (    )
                  

   
                                    

                                                    

 ,             

 

    (  )     .
   

 

   
/                .                   (30) 

The membership functions for     are similar to 

  . The Gaussian membership functions are 

determined for the output expressed by,                                                                                   

             (  
̅̅ ̅̅ )      ( .

(  ̅̅ ̅̅   ̂ )
 

   
/),                (31) 

where  ̂  is the center of     . If we use the 

Mamdani inference engine, singleton fuzzifier, and 

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

  ̅̅ ̅̅  is calculated by [27], 

      ̅̅ ̅̅  ∑  ̂   (     
 
   )   ̂  (     ),          (32) 

where   ,     -
 in which    is called a fuzzy 

basis that is a positive value expressed as:                                                                                    

                (     )  
   (  )   (  )

∑    (  )   (  )
 
   

 ,             (33) 

where          ,   -; therefore,  |  (     )|   , 

hence fuzzy function   is bounded. Parameters 

 ̂  in (32) are determined by the adaptive rule 

afterward.  
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Fuzzy systems can be considered as general 

estimators, therefore,                                                                                             

                  (     )   ,                          (34) 

where   is the desired value of  ̂ and   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). 

   ̇     ̇       ̅̅ ̅̅ (    ̇ )      ( ),       (35) 

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

  ̇          ( )  (    ̂ ) (     )   .    (36) 

To obtain the adaptive law, a positive definite 

function   is suggested as, 

           
 

 
   

 

  
(    ̂ )(   ̂).              (37) 

The derivative of the positive definite function   

with respect to time is calculated as,                                                                                                  

           ̇    ̇  
 

 
(    ̂ ) ̇̂.                          (38) 

by substituting (36) into (38), 

  ̇        ((    ̂ )        ( )) 

                                   
 

 
(    ̂ ) ̇̂                           (39) 

 To compute the adaptive law, we should rewrite 

(39), 

  ̇       (    ̂ ) .   
 

 
 ̇̂/   

                                 (      ( ))                      (40) 

If an adaptive law is given by,                                                                                                     

                              ̇̂     ,                             (41) 

parameters of the fuzzy estimator are obtained as, 

                       ̂   ∫      
 

 
 ̂( ).                    (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, 

                 ̇        (      ( )),           (43) 

the tracking error reduces if   ̇   . Thus, 

satisfying   ̇    results in                                                                                           

                    (      ( ))     .                  (44) 

  According to  (      ( ))  | |(| |   ), the 

equation (44) satisfied if,                                                                                             

                         
| |  

 
 | |.                               (45) 

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

and since  
| |  

 
 | | then  ̇   . From Lyapunov's 

theorem, the size of the tracking error reduces until 

it goes into a ball with a radius  
| |  

 
 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    must be 

smooth in the sense that    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., | |      . This assumption 

safeguards the electric motor against overvoltage. 

Theorem 1: By considering Assumption 1 for the 

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

  and   ̇ remain bounded.  

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

other hand, the boundedness of   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   

and    are bounded,   is bounded.  Equation (36) 

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

estimation error, tracking error, and estimation 

parameter error are bounded,  ̇ is bounded. 

Additionally, from the boundedness of the desired 

trajectory derivatives  ̇   in Assumption 1, and 

since  ̇   ̇   ̇ the boundedness of  ̇ also implies 

that   ̇  is bounded.■ 

Theorem 2: By considering characteristics of 

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

  ̅̅ ̅̅ (    ̇ ) is bounded then    and  ̇  are bounded. 

Proof: Assumption 2 indicates that   is bounded, 

according to (26) and Theorem 1, the boundedness 

of    ̇       ( ) implies that   ̅̅ ̅̅ (    ̇ ) is 

bounded. Therefore, according to (24) since 

  ̅̅ ̅̅ (    ̇ )  is bounded,    and  ̇  are bounded. ■ 

Theorem 3: By considering the boundedness of  , 

   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, 

      ̈    ̇   
             ,     (46) 



International Journal of Robotics, Vol.8, No.1, (2022) M. Souzanchi-K et al. 

 

7 

since  ,   and     are positive diagonal matrices, 

according to Theorem 1, the linear system 

expressed by (46) is stable with the bounded 

input         . As a result, the output    is 

bounded. ■ 

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, 

    {

 

 
∫ (  

    
      

 )  
 

 
 

 
∫ (  

    
    

 )  
 

 

,         (47) 

where   is the duration of operation,   ,   …    are 

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

As well as   ,    and    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         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 

 

  

  

  
 

𝛽𝑠𝑔𝑛() 

 

 𝑠  𝑒  𝜆 𝑒  𝑑𝑡 

𝑠̇  𝑒̇  𝜆𝑒 

Δ𝐻̅̅ ̅̅   ̂ ψ(𝑥  𝑥 ) 

𝑞𝑑 

𝑞̇𝑑 

𝑞 

𝑞̇ 

+  

+  

-  

-  

𝑥  

  

𝑥  

+  

+  

+  

𝑠 

𝑠̇ 

𝑦̇̂  𝛽𝑒ψ  
𝑥  
𝑥  
𝑒 
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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, 

                             
     ,                      (48) 

where   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        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) 
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Figure 9. Motor voltages for case study 2 (tracking scenario in the joint space) 

 

 

 

Figure 10. Motor currents for case study 2 (tracking scenario in the joint space) 

 

5.3. Case study 3: Tracking scenario in the 

Cartesian space 

  To evaluate the controller's performance, this test 

is performed for the proposed robot. Similar to the 

previous simulation, the desired trajectories are 

sufficiently smooth so that all of its derivatives up 

to the required order are bounded and defined as, 

           {

          
          

          
           

         
              

1,        (49) 

These trajectories are shown in Fig.11 and Fig.12 

shows the control system's performance in  ,    
and   axes. The MSE index of the proposed 

controller is        cm in this test. As can be 

seen, the proposed controller has an acceptable 

performance in the Cartesian space.  

 

5.4. Case study 4: Comparison 

  The proposed strategy is compared with the 

control approach given by [2] because this strategy 

is simulated on the hybrid surgical robot. This 

control strategy is based on a remote center-of-

motion (RCM) constraint that ignores the 

dynamics of electric actuators because it is based 

on torque mode control. As a result, this strategy 

ignores the joint elasticity. Both control strategies 

are simulated on this study's elastic joint hybrid 

surgical robot to have a fair comparison. The 

tracking trajectories for the end effector of the 

robot are defined as,  

{
       ( )

      ( )
        ( )

 ,                         (50) 

  These trajectories are shown in Fig.13. We used 

the optimal method that introduces in [29] to 

choose the best parameters for both controllers. 
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The tracking errors of both controllers are shown 

in Fig.14, and the simulation shows the MSE index 

of the proposed controller is        cm in this 

test. Fig.14 (b) shows that the size of tracking 

errors increase instead of the proposed controller, 

as well as, the MSE index is increased to         

cm.  

Eventually, the proposed strategy is superior to [2] 

because the proposed controller is free from robot 

dynamics and handled this as an external load; on 

the other hand, it is considered the actuators' 

dynamic and joint elasticity for a realistic situation. 

 

  

Figure 11. The desired trajectories for case study 3 (tracking scenario in the Cartesian space) 

 

 

Figure 12. End effector errors for case study 3 (tracking scenario in the Cartesian space) 

 

 

Figure 13. The desired trajectories for case study 4 (comparison scenario in the Cartesian space) 

 

(a) 

 

(b) 

Figure 14.  End effector errors for case study 4. (comparison in the Cartesian space). (a) the proposed controller, (b) the 

controller of [2]  
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5.5. Experimental result 

  This controller is applied to the hybrid parallel-

serial robot at the Ferdowsi University of 

Mashhad's robotic laboratory to verify the 

proposed controller performance in feasible 

implementation. The robot has complexities and 

uncertainties, such as complicating kinematic and 

dynamic, joint elasticity, and measurement noise; 

therefore, the proposed controller can play a vital 

role in the closed-loop control cycle in both joint 

and Cartesian space. 

  The specification of the host computer adopted 

here is the same as the simulation section. The 

motors are driven using the "DFrobot L298p Twin 

V1.1" board, which is an Arduino compatible 

motor driver. This board is based on an 

"Atmega328" microcontroller. H-bridges circuit is 

used for each driving motor, and the PWM signals 

are produced with an electronic board consisting of 

an Atmel ATmega328 that runs at 16 MHz clock 

speed. Nine permanent magnet DC motors are 

used for this robot. Finally, to provide the position 

feedback, the internal potentiometer of each motor 

is used. Also, to stimulate the armature used the 

two ends of the terminal voltage wire of motors. In 

other words, 5 wires must be used for each motor: 

2 wires for armature voltage and 3 wires for 

potentiometer. Therefore, the position feedbacks 

are sent to the host computer to prepare the 

proposed control law. 

  According to the existing movements in the 

surgical operations, the tracking scenario in both 

joint and Cartesian space is tested in this 

experiment. The desired trajectories are the same 

as simulation tests. The schematic diagram of the 

experimental setup is presented in Fig.15. Fig.16 

shows the hybrid parallel-serial robot and explains 

each part of this robot separately. The controller 

performance in the joint space is shown in Fig.17, 

as is evident the MSE index in the experimental 

test is increased compared to the simulation test, 

and it is        rad. It is necessary to mention 

that the differences between the experimental and 

simulation tests are due to the measurements' 

accuracy. Fig.18 shows the end effector 

performance in the Cartesian space and the MSE 

index for this test is         cm. According to 

these figures, the existing chattering does not 

affect the actuators' and the controllers' 

performance. 

 

Figure 15. Schematic diagram of the experimental setup 

 

 
Figure 16. Hybrid surgical robot 

PWM Signals 

Control Signals 

Feedback Signals 

USB Port 
Atmega 328 

Driver 

𝑞 𝑞̇ 
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Figure 17. Motor errors for the experimental test in the joint space 

 

Figure 18. End effector errors for the experimental test in the Cartesian space 

6. Conclusions 

Parallel robots offer high rigidity and 

repeatability, while serial manipulators provide a 

larger workspace and finer manipulability. 

Surgeons require both of these properties in 

surgical robotics. Also, confront the added 

constraint of being small, which leads to joint 

elasticity as an essential property for medical 

robots. This paper presents an elastic-joint hybrid 

parallel-serial surgical robot and introduces a 

stable sliding mode controller by an indirect 

adaptive fuzzy estimator based on the voltage 

mode control strategy. One of this controller's 

advantages that simplifies the control structure is 

eliminating the inner current control loop 

compared to the usual torque-based mode 

strategies. The closed-loop system's stability is 

proved by theoretical analysis without requiring 

the knowledge of the uncertainty bound in robot 

dynamics. Finally, SolidWork and MATLAB 

Simulink's interface provides a realistic framework 

to design and test this complex mechanism. 

Simulation and experimental results confirm this 

approach's superiority in following the required 

trajectory while decreasing the control signals' 

chattering, which is a common attribute of sliding 

mode controllers. In the future, we hope to utilize 

this robot for telesurgery as a master and slave 

robot that matches their motion in different 

situations such as contacting and free motion mode 

by different body tissues in unstructured 

environments.  
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Appendix 

Table A. Parameters of robot and motors 

 

 
parameter 

Mass 

(  ) 
Center of mass 

(  ) 
Moment of inertia 

(     ) 

Parallel robot 

Base platform 1000 [0 0 0] (point mass) 

 

[1 1 1] 

Leg1-6 70 [-40.12 81.73 -7.48] [167306.28  

 48185.87  

4677.28]*10e-9 

Moving platform 707.15 [0 0.02 -8.92] [2307825.70  

2308639.32 

4553681.14]*10e-9 

 

 

 

 

Serial robot 

Base1 150  [0.57 0 8.20] [46120.81   

35483.43 

71961.86]*10e-9 

Link7 80 [72.5 0 0] [967.81   

41228.56 

41193.82]*10e-9 

Link8 45 [65.35 0.1 0] [253.59  

 23045.94 

23033.14]*10e-9 

Link9 30 [13.74 5 0] [283.80  

4096.10  

              4281.3]*10e-9 

 

Motor 

  

(
  

   
) 

    

( ) 

  

(  ) 

   

(
  

   
) 

   

(
   

   
) 

   

(
    

   
) 

     

( ) 

500 0.02 1.6 1 0.26 0.001 0.0002 50 

 

Table B. Parameters of controllers 

Workspace Scenario Controller 1&2 3&4 5&6 7&8&9 

Joint Space 

Regulator 
  85 94 100 70 

  0.03 0.09 0.07 0.05 

Tracking 
  130 112 100 140 

  0.04 0.02 0.08 0.05 

Cartesian Space Tracking   104 97 83 134 

    0.03 0.015 0.064 0.48 

 

Table C. Parameters of desired trajectories in joint space 

Joint 1&3&5 2&4&6 7 8 9 

     /193   /193    /128   /85    /118 

    /32    /32   /21    /14   /20 

http://jad.shahroodut.ac.ir/article_593.html
http://jad.shahroodut.ac.ir/article_593.html
http://jad.shahroodut.ac.ir/article_593.html
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