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Abstract: A control method for robotic surgical forceps with force sensation has been addressed in this paper. A 

prototype of a master-slave robotic system has been developed to evaluate the proposed control method. The 

mechanical structures of the master robot and the slave robot are different. Force sensors and pressure sensors are 

not mounted on the slave robot. These points are novel compared to another research in haptic feedback control. 

The internal model control has been applied to control the robotic surgical forceps in order to feedback force 

sensation on the slave robot. The robotic surgical forceps have been evaluated by several experiments. The 

experimental results show that the proposed control method is able to estimate different contact force of the forceps 

tips on the slave robot without force sensors, and the proposed system is also able to feedback force sensation to the 

operator.   
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INTRODUCTION  

Robotic surgical forceps have been developed in order to improve surgical operations. One of the most famous 

robotic surgical system is the da Vinci produced Intuitive Surgical Incorporated. However, the system does not have 

haptic feedback function on the master-slave robotic system. Operators cannot detect contact force of the forceps tips on 

the slave robot. The paper focuses on haptic feedback control for the robotic surgical forceps. There are several 

approaches to feedback force sensation to the operator. 

 

The master-slave system with force sensors has been proposed in the paper of Hong and Jo (Hong and Jo, 2012). 

Although the system is able to calculate force sensation by measuring force by sensors, the mechanical structure of the 

system is very complicated. The other approach is to apply the disturbance observer (Nakajima et al., 2014). By using 

the disturbance observer, the system is able to estimate force sensation without force sensors. To estimate contact force 

of the tips of forceps on the slave side, the mechanical structure of the master robot and the slave robot are same 

components. The observer for estimating contact force is designed by a transfer function based controller. 

 

The internal model control (IMC) has been applied to control the robotic surgical forceps in order to feedback force 

sensation on the slave robot (Suzuki et al., 2008a). The IMC based controller based on a state space representation has 

also disturbance estimation property same as the disturbance observer. We propose a control method for robotic surgical 

forceps with force sensation by using the IMC based controller. The new prototype is developed to evaluate the 

proposed control method. We try to control the master-slave system which has different structures. The mechanical 

structures of the master robot and the slave robot are different. This paper also shows that the proposed prototype is able 

to feedback different contact force of the forceps tips on the slave robot by experiments. 

TELEOPERATION SYSTEM  

A prototype of a master-slave robotic system shown in Fig. 1 has been developed to evaluate the proposed control 

method. The master robot is operated by an operator (e.g. surgeons), and the slave robot (the forceps) performs an 

operation in an endoscopic surgery. The master robot is shown at the top of Fig. 1, and the slave robot is shown at the 

bottom in Fig. 1.  

 

The mechanical structures of the master robot and the slave robot are different. The master robot is constructed a 

shaft motor and a linear encoder, and the slave robot is constructed a DC motor and a rotary encoder. Force sensors and 

pressure sensors are not mounted on the slave robot. These points are novel compared to another research in haptic 

feedback control. The system configuration of the proposed system is shown in Fig. 2. The both robots are controlled by 

a digital signal processor. 
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Figure 1 – Master-slave robotic system 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 – System configuration of robotic system 
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INTERNAL MODEL CONTROL DESIGN FOR MASTER-SLAVE SYSTEM  

The IMC scheme is shown in Fig. 3. This controller scheme contains the following sub-systems. sf  is a control 

object with feedback (a stable system), sf  is a mathematical model of the control object, and 
1

sf


  is an approximate 

inverse system of sf . Although the structure is simple, it is satisfactory for the functions of disturbance rejection and 

trajectory tracking. The controller scheme has also disturbance estimation property (Suzuki et al., 2007).  

 

We consider the following single input single output (SISO) system. 
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where x  is the state, u  is the input,   is the disturbance, and y is the output. The feedback gain Tf b P   is 

obtained by minimizing a cost functional 
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as R I  and 21Q I . P  is obtained by the next Riccati equation as 0   
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The approximate inverse system 
1

sf


 is obtained by the following statement. 
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where 1   and d  is a minimal integral index. And then focusing attention on the transfer function yr  and ̂ , 

those transfer functions are satisfied the following statements by choosing 0  . 
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These two statements mean that the IMC scheme has a trajectory tacking property and a disturbance estimation property. 

The disturbance   added to input channel is able to estimate as ̂  on the controller scheme of Fig. 3. 

 

Next, we consider to apply the IMC scheme for the master-slave robotic system. The IMC scheme for master-slave 

system is shown in Fig. 4. In this case, the slave robot is the control object. The estimated disturbance ̂  is fed back to 

the operator. The operator will be able to feel estimated contact force, and then the operator is able to give appropriate 

input value to the master robot. 

 

The master system m   in Fig. 4 is described as follows 
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This master system is stable. The control input for the block diagram in Fig. 4 is described as 

    1
sf m m

ˆ ˆu s s u  


    . The estimate of disturbance   is able to detect as ̂  in Fig. 4. We construct the 

master-slave system without force sensors by applying the disturbance estimation property of the IMC scheme. 

  

The augmented system is obtained as follows 
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The minimum realization of 
1

sf


  is represented as  A ,b ,c ,d   
, and me x x   , x and  are internal variables.  

 

The transfer function from mu  to y  is obtained as follows 

              
11 1

sm m m mH s c sI A bf b d c sI A b c sI A b .

           

Therefore, the output of the slave robot is realized as 0   and 0   

 

        
1

m m m mY s c sI A b U s s .


                                                                                                                      (9) 

 

The output of the slave robot is depended on the input value through the master robot controlled by the operator. If   is 

able to estimate precisely, then the operator feels contact force on the slave robot. And the operator provides appropriate 

input to the master robot. The operator is able to control the input value after detecting contact force on the forceps tips. 

 

 

 

 
Figure 3 – Internal model control design 

 

 

 

 

 
Figure 4 – Internal model control design for master-slave robotic system 
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EXPERIMENTS AND EVAUATION  

The mathematical model of the slave robot is obtained as follows, 

 

s s sJ c T                                                                                                                                                               (10) 

 

where parameters are described in Fig. 5. The state space model is represented as follows, 
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Here, the input u  is motor torque sT , the state x is  
T

s s   and y  is the output. Then, the slave system 

compensated with feedback  1 2u f f x v   is represented as follows 
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The approximate inverse system is calculated as follows 
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z  is the state,   is the input, and w  is the output of the approximate inverse system. The surgical forceps controller in 

Fig. 4 is designed by those sub-systems. 

 

The proposed master-slave system is evaluated by several experiments. The design parameters are selected in Table 

1. The experimental results for evaluating estimation property and for tracking property are shown in Fig. 6 and in Fig. 

7.  

 

The experimental result of tracking control is shown in Fig. 6. The ratio of range of motion of the master robot and 

the slave robot is 10:1. The data of the displacement of the forceps is plotted ten times as large as the real data. The 

result in Fig. 6 shows that the slave robot follows well the movement of the master robot. 

 

Fig. 7 shows the experimental results of contact force estimation. The operator manipulates the master robot for 

picking three types of targets (resin, gel, drinking straw). The solidity of the targets is measured by a digital force gauge 

(DFG, a digital durometer). The solidity of resin is 6.49[N], the solidity of gel is 3.80[N], and the solidity of drinking 

straw is 2.35[N] respectively. From the experimental results of picking targets, we can see that the proposed control 

method is able to estimate different contact force of the forceps tips on the slave side without force sensors. Moreover, 

the proposed system is also able to feedback force sensation to the operator. 
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Figure 5 – Model of slave robot 

 

 
Table 1 – Design parameters 

Experimental parameter Value 

Moment of inertia 1.003×10－3 

Viscous damping coefficient 1.000×10－2 

  7.330×10－3 

  8.124×10－1 

 

 

 

 

 

 

 

 

 
Figure 6 – Tracking property  
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Figure 7 – Estimation of contact force 

 

 

 

 

 

CONCLUSION  

This paper has been proposed the control method for haptic feedback for the master-slave robotic surgical forceps by 

using the IMC based controller scheme. Effectiveness of the control method for haptic feedback has been verified by 

experiments on the master-slave robotic system. As a future work, we will apply the observer-based stabilizing 

controller (Suzuki et al., 2008b) to control the proposed prototype. 
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