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Abstract 

The past two decades have seen the incorporation of robotics into medical 

applications. From a manufacturing perspective, robots have been used in 

pharmaceuticals, preparing medications. But on more novel levels, robots have been used 

in service roles, surgery, and prosthetics. The capability of high-precision operation in 

manufacturing settings gave the medical industry high hopes that robots could be used to 

assist in surgery. Not only are robots capable of much higher precision than a human, 

they are not susceptible to human factors, such as trembling and sneezing, that are 

undesirable in the surgery room. Another advantage to robots in medicine is the ability to 

perform surgery with very small incisions, which results in minimal scar tissue, and 

dramatically reduced recovery times. The popularity of these minimally invasive surgical 

(MIS) procedures has enabled the incorporation of robots in surgeries. 

In this paper, model reference computed torque controller is recommended for four 

degrees of freedom serial links robot manipulator, which modeled in SIMSCAPE. To 

design stable controller conventional computed torque controller is recommended. It is a 

nonlinear, stable, and reliable controller. The proposed approach effectively combines of 

design methods from nonlinear controller, and linear Proportional-Derivative (PD) 

control to improve the performance and stability. This paper has two important 

objectives: a) study on modeling of 4 degrees of freedom (DOF) based on Simscape 

software and b) design PD model reference computed torque controller to improve the 

sensitivity of  surgical robot manipulator.  

 

Keywords: surgical robots, four degrees of freedom, model reference computed 

torque controller 

 

1. Introduction 

Before one can consider the usage of robots in medical applications, it is important to 

understand that medical applications have unique requirements, different from general, or 

“traditional,” robot design. 

Some of the design issues and associated advantages are described below. 

High precision: Modern robots are demonstrated to be highly precise. The precision 

range depends on the robot and the application, of course, but it is generally accepted that 

for a given application, a robot can be designed to meet or exceed the precision 

requirements of the application. A typical industrial robot has repeatability specifications 

measured in tenths of a millimeter. A representative ratio of motion in robotic assisted 

surgery is that a 1 cm movement of a doctor’s hand translates to a 0.1 cm movement of 

the robotic tool. 
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Heavy payloads: Modern robots can carry heavy payloads over large workspaces, at 

high speeds, with high precision. Industrial robots are available with payload capacity of a 

few ounces to over 1000 lb. 

Workspace: Medical robot workspace requirements tend to be significantly larger than 

industrial needs because of patient related factors, such as uncertainty in patient location 

during the procedure and safety requirements. There is an obvious overriding need to 

avoid any hazard to the patient, physician, and other medical personnel; this drives an 

exclusionary zone around the patient, doctor, and other equipment that may be attached to 

the patient. Thanks to the advances driven by industrial applications, the workspace of 

most available robots is significant and can be utilized for medical applications. 

High Speed: Most new robots have been designed and optimized for industrial 

automation, enabling them to move at high speeds with high precision. The majority of 

medical applications do not require robots to move at high speeds as these robots are 

working on a patient. Reassurance, comfort, and safety dictate the robot’s speed in 

medical applications. 

Reliability: Industrial robots are designed to work round the clock without stopping; 

their medical counter parts work only a few hours a day. The nature of medical 

applications is that most of the time 

is taken up by other parts of the surgery, such as operating room preparation, patient 

preparation, and postoperative procedures. The robots actually perform surgeries for only 

a limited time, around 10% of surgery time. The resulting reliability numbers for medical 

work are excellent, leading to very limited downtime. 

Tedium: Most of the medical applications where robots are sought involve repetitive 

tasks over a very long period of time. Some surgeries last for many hours, during which 

the operators are required to repeat tasks hundreds or thousands of times. Obviously, 

robots do not have any problems with tedium. 

High Quality: Robotic assisted surgery can help a wide variety of doctors perform 

complex surgeries with the same high quality previously achieved only by some 

accomplished surgeons. Additionally, most medical procedures cannot tolerate any 

degradation in quality due to trembling or unsteadiness of hands. Robotic systems in the 

operating room can compensate for imperfections in the user due to age, fatigue, or other 

factors, without degrading the quality of care administered to the patient. 

Computer control: Robotic surgery is able to capitalize on available diagnostic data to 

calculate an optimized approach to treatment. Most modern systems use fusion of 

multiple imaging modalities such as CT, PET, and MRI. 

Remote operation: Finally, because robots are typically controlled by computers 

and/or remote electrical signals, the option exists to remotely operate the units over large 

distances through direct data links, or even over the internet (telerobotics). 

Robot-assisted surgery has become a burgeoning field in recent years. An 

interdisciplinary subject involves both robot technologies and medical intervention. 

Because of its potentials to improve precision, enhance dexterity, eliminate tremor, reduce 

complication rates, and enable novel procedures not previously achievable, robot-assisted 

surgery has drawn broad attentions from the robotics research community and the medical 

world over the past decade. One successful implementation of robot-assisted surgery is 

the DAVINCI surgical system of Intuitive Surgical. It utilizes a tele-operation control 

mode with a master controlled by the surgeon and a slave surgical assistant operating on 

the patient. Despite its capability of performing abdominal procedures, the DAVINCI 

system is too bulky, and lacks the precision and dexterity required for delicate 

applications that require higher accuracy. Therefore, researchers are actively developing 

and implementing novel robotic systems to accommodate more demanding surgical 

procedures. Robot-assisted surgery presents many challenges, out of which nonlinear 

manipulation, high-precision dexterous operation, distal tool dexterity, insertion depth 

perception and contact force feedback are major concerns. Researchers have started to 
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investigate some of these aforementioned concerns by developing robotic assistants, but a 

comprehensive robotic system that is capable of assisting general surgical procedures for 

eyes, heart and addressing existing surgical challenges is still missing. Besides, there are 

also many interesting robotics-related theoretical problems to be investigated under the 

light of surgery, e.g. multi-arm manipulation, robot performance evaluation, high-

precision robot design, force sensing implementation, etc. 

Design a robust controller for multi input-multi output (MIMO) nonlinear uncertain 

dynamical system (surgical robot manipulator) is the main challenging work in this 

research. Robot manipulators are set of links which connected by joints, they are multi 

input and multi output (MIMO), nonlinear, time variant, uncertain dynamic systems and 

are developed either to replace human work in many fields such as in industrial or in the 

manufacturing. Complexities of the tasks caused to design mechanical architectures and 

robot manipulator with nonlinear behavior. These factors are: 

 Time-varying parameters based on tear and ware. 

 Simplifying suppositions in system modeling caused to have un-modeled 

dynamic parameters. 

 External disturbance and noise measurement which it is caused to generate 

uncertainties [6]. 

A controller (control system) is a device, which cans sense information from system to 

improvement the dynamic behavior of first order delay system based on actuation and 

computation. From scientific perspectives, control theory is divided into two parts; linear 

control theory and nonlinear control theory [6, 1-3]. Linear control theory is divided into 

following groups: 

 Proportional-Derivative (PD) control algorithm 

 Proportional-Integral (PI) control algorithm 

 Proportional-Integral-Derivative (PID) control algorithm 

Nonlinear control theory is also has two main divisions; 

 Conventional control theory  

 Soft computing control theory 

Conventional nonlinear control theories are highly sensitive to system’s behavior and 

work based on cancelling decoupling and nonlinear terms of dynamic parameters of each 

likes in robot manipulators. Computed Torque Control (CTC) and Sliding Mode Control 

(SMC) are two nonlinear conventional controller which introduced by many researchers 

to control of types of robot manipulator [1-5]. 

Computed Torque Controller (CTC) is one of the effective nonlinear controllers to 

control of robot manipulator [6-7]. Consequently, to have a good performance, 

linearization and decoupling without using many gears, feedback linearization (computed-

torque) control methodologies is presented. To design computed torque controller, an 

accurate dynamic model of robot manipulator plays an important role. To modelling an 

accurate dynamic system, modelling of complex parameters is needed to form the 

structure of system’s dynamic model. It may be very difficult to include all the 

complexities in the system dynamic model [7]. In this research PD computed torque 

controller is designed for 4-DOF surgical robot to improve the sensitivity. 

This paper is organized as follows; second part focuses on the system modeling 

dynamic formulation and Design linear controller. Third part is focused on the 

methodology, which focused on design model-reference based PD computed torque 

controller. Simulation result and discussion is illustrated in forth part. The last part 

focuses on the conclusion and compare between this method and the other ones. 

 

2. Theory 

System’s Dynamic: A dynamic function is the study of motion with regard to the 

forces. Dynamic modeling of surgical robot manipulators is used to illustrate the behavior 



International Journal of Hybrid Information Technology 

Vol. 9, No.7 (2016) 

 

 

252  Copyright © 2016 SERSC 

of robot manipulator (e.g., nonlinear dynamic behavior), design of nonlinear conventional 

controller and for simulation. It is used to analyses the relationship between dynamic 

functions output (e.g., joint motion, velocity, and accelerations) to input source of 

dynamic functions (e.g., force/torque or current/voltage). Dynamic functions is also used 

to explain the some dynamic parameter’s effect (e.g., inertial matrix, Coriolios, 

Centrifugal, and some other parameters) to system’s behavior [3].  

The equation of multi degrees of freedom (DOF) surgical robot manipulator dynamics 

is considered by the following equation[7]: 

, ( )- ̈  , (   ̇)-  , -  (1) 

  

Where τ is actuator’s torque and is     vector, A (q) is positive define inertia and is  

     symmetric matrix based on the following formulation; 

 

 ( )  

[
 
 
 
 
 
               
             
      
      
      
             ]

 
 
 
 
 

 

(2) 

,  (   ̇) is the vector of nonlinearity term, and q is     joints variables. If all joints 

are revolute, the joint variables are angle ( ) and if these joints are translated, the joint 

variables are translating position( ).  The nonlinearity term of robot manipulator is 

derived as three main parts; Coriolis  ( ), Centrifugal  ( )   and Gravity  ( )  
Consequently the robot manipulator dynamic equation can also be written as [7]: 

 

, (   ̇)-  , (   ̇)-  , ( )- (3) 

, (   ̇)-  , ( )-, ̇  ̇-  , ( )-, ̇-  

 

(4) 

 

   ( ) ̈   ( ), ̇  ̇-   ( ), ̇-   ( ) (5) 

Where,  

 ( ) is a Coriolis torque matrix and is   
  (   )

 
  matrix,  ( ) is Centrifugal torque 

matrix and is     matrix, Gravity is the force of gravity and is     matrix, , ̇  ̇- is 

vector of joint velocity that it can give by: ,  ̇  ̇   ̇   ̇      ̇   ̇   ̇   ̇     -
 , and 

, ̇-  is vector, that it can given by: ,  ̇
   ̇ 

   ̇ 
    - . According to the basic 

information from system’s modelling, all functions are derived as the following form; 

                 (      ) (6) 

  

In the dynamic formulation of robot manipulator the inputs are torques matrix and the 

outputs are actual joint variables,  

           ( ) (7) 

 

 ̈     ( ) *   (   ̇)+ (8) 

  ∬   ( ) *   (   ̇)+ 
(9) 

The Coriolis matrix ( ) is a   
 (   )

 
 matrix which calculated as follows;  
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The Centrifugal matrix (C) is a     matrix; 
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(11) 

The Gravity vector (G) is a     vector;  

 ( )  [

  
  
 
  

] 

(12) 

The dynamic formulations for 4 Degrees of Freedom serial links surgical robot 

manipulator are computed by; 
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Where 

 ( )  [
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(14) 

According to [7] the inertial matrix elements (  ) are  
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The Corilios ( ) matrix elements are;  
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According to [7] Centrifugal ( ) matrix elements are;   
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(33) 
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Where, 
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Gravity ( ) Matrix elements are;  

, ( )-    [

 
  
  
 

] 

(42) 

Where, 
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If , -    , -    , -    , -    

Then  ̈ is written as follows;  
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  is presented as follows;  

, -    *, -    , -   + (46) 

, ̈-    [ 
  ( )]

   
 , -    (47) 

, -    ∬[   ( )]
   

 , -    
(48) 

Basic information about inertial and gravitational constants is show in Tables 1 and 2 

Table 1. Inertial Constant Reference (Kg.M2) 

                          

                          

                              

                               

                                   

                                     

                                         

                                      

                                         

                                       

                                          

                                  

                              

                              

                 

Table 2. Gravitational Constant (N.m) 

                           

                            

                   

 

Figure 1. Shows The Simscape Modeling of Robot. 
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Figure 1. System’s Model 

System’s physical model shows as follow: 

 

 

Figure 2. System’s Physical Model 

Proportional plus Derivative (PD) control: This type of linear controller is widely 

used in control process where the results are sensitive to exceeded of set point. This 

controller, like Proportional controller, has permanent variation in presence of self-

limitation control.  In mathematically, the formulation of Proportional-Derivative part 

calculated as follows; 

           (
  

  
)          ̇ 

(49) 
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The Derivative component in this type of methodology is used to cancel outs the 

change process variables change in presence of quick change in controllers input. Figure 3 

shows the block diagram of Proportional-Derivative (PD) controller.  

 

 

Figure 3. Block Diagram of PD Controller 

Figure 4 shows the ramp response of PD controller. 

 

 

Figure 4. Ramp Response of a PD Controller [13] 

Proportional plus Integral (PI) control: According to integral type of controller, it 

takes relatively long time. The proportional type controller used to immediately response 

to the input variations. The proportional-integral (PI) controller has the advantages of both 

proportional and integral controller; it is rapid response to the input deviation as well as 

the exact control at the desired input. Figure 5 shows the block diagram of PI control of 

FOD system. 

           (
 

 
∫    )         ∑  

(50) 
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Figure 5. Block Diagram of PI Controller for First Order Delay System  

Figure 6 shows the step response of PI controller. 

 

 

Figure 6. Step Response of a Proportional-Integral (PI) Controller [13] 

Proportional-Integral-Derivative (PID) control: This type of controller has rapid 

response to the input deviation, the exact control at the desired input as well as fast 

response to the disturbances. The PID controller takes the error between the desired joint 

variables and the actual joint variables to control the serial links robot manipulator. The 

equation of PID controller for control of 4 degrees of freedom serial links PUMA robot 

manipulator is;  

 

[

  ̂
  ̂
  ̂
  ̂

]  

[
 
 
 
 
 
 
    ∑       ̇       

   ∑       ̇       

   ∑       ̇       

   ∑       ̇       ]
 
 
 
 
 
 
 

 

(51) 

Where        ,    is desired joint variable and    is actual joint variable.  
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Figure 7 shows the block diagram of PID control of robot manipulator. 

 

 

Figure 7. Block Diagram of PID Control of Robot Manipulator 

Stability Proof of Linear Controller: In PD controller the control law is given by the 

following equation; 

            ̇ (52) 

Where            and  ̇   ̇     ̇   . 

In this theory    
 and     are positive constant. To show this controller is stable and 

achieves zero steady state error, the Lyapunov function is introduced; 

   
 

 
 [ ̇   ( ) ̇         ]   

 

 
 
 

  
 , ̇    ̇-   ̇   

(53) 

If the conversation energy is written by the following form: 
 

 
 
 

  
 , ̇    ̇-   ̇   

Where ( ̇  ) shows the power inputs from actuator and  
 

 
 
 

  
 , ̇    ̇- is the derivative of the robot kinematic energy.  

 ̇    ̇ [      ] (54) 

Based on        
       ̇ , we can write 

 ̇    ̇      ̇    (55) 

If  ̇    , we have  

 ̇      ̈       ̈              (56) 

In this state, the actual trajectories converge to the desired state. 

 

3. Methodology 

Computed torque controller (CTC) is one of the effective nonlinear control 

methodologies for second order nonlinear system (e.g., robot manipulator). Computed 

torque controller works based on behavior (dynamic formulation) of robot manipulator 
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which caused to works very well when all dynamic and physical parameters are known. In 

uncertain dynamic parameters when the robot manipulator has variation computed torque 

controller has challenges. In this type of controller, if the desired position trajectory for 

the manipulator defined as   ( ), and the actual position trajectory defined as   ( ), the 

tracking error calculated by;  

 ( )    ( )    ( ) (57) 

Based on this research the errors for 4 links are; 

[

  
  
  
  

]  

[
 
 
 
 
   ( )     ( )

   ( )     ( )

   ( )     ( )

   ( )     ( )]
 
 
 
 

 

(58) 

If state space equation is defined by;  

 ̇        (59) 

According to the Brunousky canonical form   is the nonlinearity term and defined by;  

   ̈   
  ( ) * (   ̇)   + (60) 

Based on (59) and (60)  

 ̇  0
  
  

1   0
 
 
1  (61) 

According to     ,    ̇ -  
 

  
0
 
 ̇
1  0

  
  

1  0
 
 ̇
1  0

 
 
1  

(62) 

Based on (60), the requirement torque calculated by;  

   ( )(  ̈   )   ( ̇  ) (63) 

According to nonlinear feed-back control low, (61) is nonlinear food-back controller 

and it is used to tracking of desired trajectory. According to the literature [7], U is the 

linear part of this nonlinear controller and the PD, PI or PID terms can be selected. The 

formulation of PD computed torque controller is; 

   ( )( ̈     ̇     )   (   ̇) (64) 

The PI computed torque controller formulation is; 

   ( ) . ̈        ∑ /  (   ̇) (65) 

The PID computed torque controller formulation is; 

   ( ) . ̈         ̇    ∑ /  (   ̇) (66) 

Where    ,    and    are the controller gain coefficients. This type of controller has 

two main important parts; partly linear part and nonlinear term of dynamic equivalent 

part.   

Block diagram of Proportional-Derivative (PD) computed torque controller shows in 

Figure 8.  
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Figure 8. Block Diagram of PD-Computed Torque Controller (PD-CTC) 

 

4. Test and Result   

In this part two types of controllers are compared, namely; conventional computed 

torque controller and PD controller. These controllers are tested in certain and uncertain 

situation. 

Comparison of the Tracking Data and Information: the trajectory following of 4 

DOF for conventional computed torque controller and PD controller are compared in this 

section. According to Figure 9, the performance of computed torque controller and PD 

controller are good enough in certain condition. In rise time point of view, in some joints 

PD controller is faster than computed torque controller.  In error point of view, computed 

torque controller is better than PD controller.  
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Figure 9. Tracking Data: Conventional CTC and PD Controller  

Comparison the actuation torque(  ): the control input, forces the robotic 

manipulators to track the desired trajectories. Figure 10 shows the torque performance in 

conventional computed torque controller and PD controller. According to the following 

graph, computed torque controller has steady stable torque performance.  

 

 

Figure 10. Torque Performance: Conventional CTC and PD Controller 
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In the control forces, smaller amplitude means less energy. According to Figure 10, the 

amplitude of the control forces in PD controller is much larger than CTC. Therefore, CTC 

require less energy than the PD controller.  

Comparison the disturbance rejection: the power of disturbance rejection is very 

important to robust checking in any controllers. In this section trajectory accuracy, and 

torque performances are test under uncertainty condition. To test the disturbance rejection 

band limited white noise with 30% amplitude is applied to conventional computed torque 

controller and PD controller. In Figures 11 and 12, trajectory accuracy and torque 

performance are shown. 

 

 

Figure 11. Tracking Data: Conventional CTC and PD Controller in Presence 
Of Uncertainty 

According to above graph, however conventional computed torque controller has rise 

time in presence of uncertainty but it is more robust than PD controller. PD controller has 

very much fluctuation in presence of external disturbance. Figure12  shows the torque 

performance in presence of uncertainty. 
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Figure 12. Torque Performance: Conventional CTC and PD Controller in 
Presence of Uncertainty 

After applied uncertainties the force amplitude in PD are increased which will lead to 

high energy consumption.  

 

5. Conclusion 

Computed torque controller is a model base nonlinear controller. This controller has 

many advantages compare to linear controller. In this research, computed torque 

controller is used to control of surgical robot manipulator. The principles of this type of 

controller are based on feedback linearization and compute the required arm torques. 

Computed torque controller works based on behavior (dynamic formulation) of robot 

manipulator, which caused to works very well when all dynamic and physical parameters 

are known. In uncertain dynamic parameters when the robot manipulator has variation 

computed torque controller has challenges but this type of controller’s performance is 

more better than linear controller. 
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fill a long standing void in applied engineering by linking the training a development 

function one side and policy research on the other. This center divided into two main 

units: 

 Education unit 

 Research and Development unit 

Please follow IRANSSP research and training group in: http://iranssp.org/english/ 
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