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Nowadays, master-slave systems are frequently used for minimally invasive surgery 

(MIS).  Unfortunately, these systems lack any kind of force feedback.  Indeed, measuring 

forces in a surgical scene is not a trivial problem. This abstract describes the development 

of a force measurement system based on the overcoat principle [1] with additional 

passive positioning device for a slave robot arm with a passive wrist (ZEUS). Through 

this upgrade, a surgical teleoperator with 3D force feedback is realized. Preliminary 

experiments confirm the quality of the proposed approach. 

 

In MIS, the surgical tool enters the human body through a small incision in the skin via a 

trocar. This trocar acts as a fulcrum point. Robots for MIS should therefore have a remote 

center of motion (RCM) aligned with the trocar. The RCM property is mandatory, but the 

tool-trocar-skin contact complicates the measurement of the forces of interest, namely 

those at the tool tip.  

In the past, several concepts have been proposed to create the RCM. The most successful 

concepts are the use of a robotic arm with a 2 DOF passive wrist at the end-effector 

holding the instrument (e.g. ZEUS), a robotic arm with a RCM-mechanism, which can be 

spherical (e.g. Raven, UW) or parallelogram-based (e.g. Da Vinci) and a kinematically 

redundant robotic arm allowing to implement a virtual RCM (e.g. KineMedic, DLR). So 

far, there is no clear consensus on which approach is superior. The authors prefer to use 

the first concept, because it enables a more compact device with better accessibility to the 

patient. However, accurate positioning of the tool tip is troublesome as the instrument is 

supported by the compliant skin at the trocar (problem 1). Moreover, this compliance acts 

as an extra flexibility in the slave, compromising stability in force feedback control 

schemes (problem 2).  

The measurement of the force at the tooltip is hampered by the presence of the trocar. To 

avoid measuring the interaction force between the trocar and the tool, one can use 

miniature sensors integrated in the instrument tip [3], or use the overcoat method [1,2]. 

The latter is implemented here as this method has several advantages: no need for 

sterilization, no need for miniaturization and it is tool-independent. However, the position 

and the orientation of all sensors should be known to correctly calculate the interaction 

force at the tool tip (problem 3).  

 

All three problems originate from the compliance of the skin. To bypass this, the authors 

introduce a passive positioning device to guarantee a fixed position of the trocar point as 

well as a computable orientation of the sensor in the trocar around its longitudinal axis. 

This passive positioning device, placed directly above the patient has a compact RCM-

mechanism, resulting in a fulcrum point just above the skin. Note that the compactness of 

the passive positioning device is a prerequisite for applications with multiple arms. 

Moreover, the authors propose an elegant and robust method for the implementation of 



the force measurement system. The tool is supported by two extracorporeal force sensors 

only, one in the trocar and one at the end-effector. By doing so, the force at the tool tip 

can be calculated as the vector sum of the force measured in the sensors, i.e. after gravity 

(and inertial) compensation. The trocar consists of two concentric tubes connected with 

each other through a ring-shaped force sensor. The tubes are precisely manufactured so 

that in normal operation no contact takes place while under heavy load the tubes do make 

contact, in order to prevent destructive overload of the sensors. The inner tube serves as 

bushing for the instrument. The same concept is used at the end-effector, with one 

difference, namely that the instrument is fixed to the inner tube. Figure 1 shows a 

schematic representation of the force measurement system and some pictures of the 

experimental setup. The setup makes use of a robotic arm of the ZEUS surgical system 

for which a new real-time National Instruments based control unit has been developed. 

Preliminary experiments show the feasibility of the force measurement system. Figure 2 

shows some results of these experiments demonstrating accurate force measurement.  

 

Based on the authors’ experience with master-slave controllers ([4], [5] and [6]), the 

experimental setup has been expanded to a master-slave setup, by adding a PHANToM 

haptic Device for which another real-time National Instruments based control unit has 

been developed. A basic Position-Force controller was implemented for each of the three 

axes. The result is an operational teleoperator with 3D force feedback. In future work, a 

more rigorous analysis of the factors affecting the accuracy of the force measurement 

system will be done. Also more evolved controllers capable of guaranteeing stable 

interaction will be studied, taking into account the large apparent inertia and the 

flexibility of the robot.  
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Figure 1: Pictures of the experimental setup with the robotic arm of the ZEUS surgical system, the 

passive positioning device and the force measurement system.  

 

 
Figure 2: Experimental results of three different tests: the end-effector is commanded to move (with 

steps of 1 mm) in X,Y and Z direction, making contact with a spring attached to a 1D force sensor. 

The 1D force sensor measures the force in the direction of motion. 
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