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ABSTRACT 

In the teleoperated minimally invasive surgery systems, measurement and display of sense of force to the operator is a 
problem In this paper, we have developed a master-slave system having 7-DOFs for laparoscopic surgery, which can 
provide force feedback to the surgeon without using force sensors at the slave manipulator. Pneumatic actuators are 
used for the slave manipulation because they are effective for haptic devices due to the facility in measurement and 
control of their driving force. A control method to compensate the effect of the pipeline between the control valves and 
the actuators is proposed and applied. Then, an impedance control is applied to the slave manipulator and an admittance 
control is applied for the master manipulator. Finally, a bilateral control is achieved by combining the controllers. 
Experimental results show that the developed system successfully display the contact force on the slave side to the 
operator on the master side. 
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INTRODUCTION

As alternative method to open surgery, minimally 
invasive laparoscopic surgery is an effective method. 
Robotic manipulators, which have multi-DOFs at their 
tip, have been reported as alternative to conventional 
instruments to support the surgery [1][2].  
A master-slave type manipulator has advantages that the 
intuitiveness could be realized. A surgeon is able to 
teleoperate the forceps at the master side, as if he/she 
handles the forceps at the slave side in the abdominal 
cavity[3]. In this type, however, has the problem that the 
sense of force is lost. In order to realize safer and more 
precise operation using robotic manipulator especially 
master-slave system, force measurement and feedback 
are very important [4].  

To realize a precise position control of the manipulator, 
using electric motors with high reduction gears is 
effective while the back drivability is small. Sensing the 
accurate force with such manipulators needs a force 
sensor at near the tip. However, the sensor at the end of 
forceps manipulator makes sterilizing and downsizing 
difficult. 
In this research, we have developed a master-slave 
system with 7-DOFs forceps manipulators that is able to 
provide a force display to surgeons without a force 
sensor. To achieve this, we use pneumatic actuators, 
because they are effective for a haptic device due to the 
facility in measurement and control of their driving 
force, and enable the estimation of the external force 
from the driving force and the impedance. A control 
method to compensate the effect of the pipeline between 
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the valves and the actuators is proposed and applied. 
Then, an impedance control is applied with the 
compensator to the slave side. For the master 
manipulator we have developed, an admittance control 
is used. Finally, a bilateral control is achieved.  

DEVELOPED 7DOFs SLAVE MANIPULATOR 

Fig.1 shows the developed forceps manipulator that has 
7-DOFs. The manipulator consists of a tip and a 
supporting part. The supporting part was introduced in 
the former paper, which feature is compact and the pivot 
point at the trocar cannula is immovable mechanically 
without direct support [5]. 
The tip part of the developed manipulator has a roll, two 
bending joints and a rotating movement can be achieved. 
The motions are transmitted using wire ropes.  The 
diameter of the manipulator is 10mm that is useful for 
laparoscope surgery.  
The feature of this forceps is that the bending and 
gripper were realized at the same joint. Therefore, the 
tip part becam compact. The rotary actuator with low 
friction (KURODA, PRNAJ1D-90-45) is used. The 
move angle is more than 73 degree for each joint and 
the maximum torque is 208 Nm. The driving force of 
the actuator is given as     

                                                         
(1) 

         

where  and P indicate the pressurized area and the 
differential pressure and the index 1 and 2 shows the 
room of the pneumatic cylinder. The supply pressure 
was set at 500kPa and a pressure sensor having a 
resolution of 20Pa was used. The actuator was 
controlled by a five ports servo valve made by FESTO. 
The servo valve receives the voltage signal and controls 
the flow rate to the actuator. 
Pressures in the actuator were measured with 
semiconductor type sensors installed at the out port of 
the servo valve. This is because to make the forceps 
manipulator as possible as free from sensors to make 

Figure.1 Developed slave manipulator 

sterilize easy. The measured pressures were used to 
control the driving force. Position was measured by an 
encoder having a resolution of 1000Pulse/Rev. We have 
confirmed in the preliminary experiment that the 
position error of the actuator is less than 0.1mm using a 
PID controller. 

COMPENSATION FOR PNEUMATIC PIPE LINE

There are 1m length pipelines between the actuators and 
the servo valves. The inner diameters of the pipelines 
are 2.5mm. The pipelines might cause the time delays. 
However, the pressure sensors should not be installed 
closer to the actuator to make the forceps easy to 
sterilize. Some compensation should be better applied. 
Therefore, pressures at two rooms of the actuators P1
and P2 and that of at the downstream of the servo valve 
P1’ and P2’ were measured in advance during force 
control. Sinusoidal force waves were given to the 
actuator by fixed the stroke at middle. Three kinds of 
amplitudes 1, 5 and 10N of force were given with 
several frequencies.  
Fig.2 shows the bode diagrams summarized the 
experimental results. It became clear that the response 
between the pressure at the servo valve and that of at the 
pneumatic actuator could be modeled by a second order 
delay system given as 

                                       (2). 

                                                       
The curves given by Eq.(2) are shown in solid lines in 
Fig.2. As a result, the driving force at the actuator could 
be estimated from the pressure difference near the servo 
valve. As a result, a controller as shown in Fig.3 was 
proposed and applied to the force control. 

Figure.2 Bode diagram of pressure responses between 
1m length pipeline with the diameter of 2.5mm 
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Figure.3 Block diagram of control for driving force 

IMPEDANCE CONTROL 

The impedance control is classified into force control 
type and motion control type. For pneumatic 
manipulators, the impedance control based on force 
control is considered to be suitable because of high back 
drivability and flexible characteristics. Therefore, a 
torque base impedance control without using force 
sensors is applied. The reference force at the end
effector was given as: 

(3)                                                               

where, 
rref  R6 : Reference position at Cartesian coordinate 
r  R6 : Slave position at Cartesian coordinate 
K  R : Stiffness of the slave manipulator 
B  R : Viscous coefficient in the slave manipulator 
M  R : Mass 

Therefore, the reference torque vector and force vector 
for joints can be given by 

  (4) 

                             (5)                                                   
wh

ref R6:Reference torque by the actuator at each joint 
ere 

Z  R6: Inverse dynamics function of the manipulator 
q  Displacement of each joint R6 : 
J  : Jacobian matrix of the slave manipulator. 

The reference velocity and acceleration were obtained 
from the reference displacement. They were used to 
calculate the inverse dynamics instead of the velocity 
and acceleration calculated from the slave position 
because they include noises. The controller described 
above can be summarized in a block diagram as shown 
in the upper part of Fig.4. The compensator for pipeline 
is implemented at the force controller. 
Experiments were conducted with M=0.1kg, 
B=0.02Ns/mm, and K=0.4N/mm. The experimental 
scenery is shown in Fig.5. Gripped a 6 axes force sensor 

(BL AUTOTEC.LTD., NANO2.5/2) with the forceps to 
compare the forces.  
The experimental results are shown in Fig.6 when the 
sinusoidal reference position input was given. It is clear 
as the controlled force given in Eq.(3) agree well with 
the measured results by the force sensor, the impedance 
control was successfully performed. 

Figure.4 Experimental scenery of impedance control  

Figure 5 Block diagram  
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Figure 6 Experimental results of impedance control 
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BILATERAL CONTROL 

Master Ma
r we have developed used a delta 

he master manipulator has a high 
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Figure.7 Experimental results of bilateral control 

In F er

the control is successfully achieved since 

CONCLUSIONS 

In this paper, we develop a master-slave system 
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