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Abstract - Interventional surgical robot is the advance 

method of performing interventional surgery. The master-slave 
system structure not only prevent surgeon from radiation, but 
also create a stable operation environment for the patients. Based 
on our lab previous research, this paper presents a novel remote 
controller for interventional surgical robots, and evaluate its 
displacement measuring system accuracy through experiments. 
The novel controller is smaller and more maneuverable 
compared to the controller in our previous research. According 
to the performance evaluation experiments, the novel controller 
has the ability to collect data efficiently and accurately. 

 
Index Terms –Interventional surgical robot; Master-slave 

surgical robot; Remote controller; 

I.  INTRODUCTION 

 As a new treatment of the cardiovascular disease, the 
interventional surgery has been widely used across the world. 
Comparing to the traditional open surgery, interventional 
surgery has the advantage of less bleeding, low infection rate, 
and quick recovery after surgery. The surgeon use guide-wire 
as a director and operate the catheter to the target area. Then 
provide different treatment such as stent or balloon through 
the catheter. Although this type of surgery reduced patient 
suffering in many ways, it brings great challenge to the 
surgeon. The interventional surgery needs the support of X-
ray. The surgeon have to expose under the radiation in order to 
observe the surgery condition when operating the catheter and 
guide-wire. Even the surgeon wears radiation protection 
clothing while performing the surgery, the radiation will still 
cause serious damage considering the number of surgery the 
surgeon performs per day. Besides the radiation, wearing lead 
apron day by day will also cause shoulder and back strain, 
which not only harms the surgeon, but also affect the surgery 
performance as well. 
 In the context of application demand, the interventional 
surgical robot comes to be a heat area of research. The 
interventional surgical robots usually have two parts: the 
mater side and the slave side. This design purpose is to let 
surgeons operate the master side outside the operation room, 
and the slave side performs the operation for patients under 
the instruction of the master side. Which will not only reduce 
the radiation harm but also provide a stable operating 
condition for the patients. 

  
 Many universities and research institutions have put in 
effort in developing interventional surgical robot. Recent years 
researchers such as Prof. Fu and his team from Harbin 
Institute of Technology developed a haptic device for 
minimally invasive surgery [1]; Prof. Guo and his team from 
Beijing Institute of Technology developed an interventional 
surgical robot which achieved the coordinated operation of the 
catheter and the guide-wire [2-10]. Dr. Park in Korea 
University also developed a 3-DOF cardiac ablation catheter 
operating system [11]. Besides University researches, many 
commercial products in this field have been invented and put 
into use. For example, Hansen Medical's Sensei robot can 
enhance the stability of doctors' operations while isolating 
doctors from the radiation area [12]. The Amigo operating 
system produced by Catheter Robotic has similar functions as 
the Sensi robot [13]. The CGCI system produced by 
Magnatecs operates a special catheter for surgery by 
controlling the magnetic field environment. Others include the 
Niobe robot developed by Stereotaxis [14], and the 
interventional robot developed by Yogesh Thakur [15]. These 
robots can preserve the habits of doctors to a certain extent 
and provide remote operation for surgeons. 
 In our previous research, we developed an interventional 
surgical robot which accomplished in vivo experiment [16], 
the master side and slave side are shown in Fig.1. But there 
are still improvements we can achieve. For example, the 
controller we used as the master controller is a well-developed 
haptic interaction device called Touch X (Geomagic®Touch, 
3D Systems, Inc., USA). This haptic device contains multiple 
degrees of freedom and has displacement limit in each 
degrees, which is different from operating catheter or guide-
wire. This differences not only makes the surgeon spend more 
time on figure out the operation method of the device, but also 
affect the application of surgeon’s operation skills. 
Furthermore, the heavy outer casing and oversized volume 
made it hard to adjust during the operation. 
 Under these circumstances, this paper presents a novel 
remote controller for interventional surgical robots, which not 
only has the function to collect surgeon’s operation data and 
create force feedback, but also smaller and more 
maneuverable compared to the master side we use. This paper 
will mainly focus on its linear and rotation measurement and 



evaluate its displacement measuring system accuracy through 
experiments. 

II. CONTROLLER DESCRIPTION 

 The operation habit of surgeon usually come from three 
aspect [17-20]: 
 1) Advance and retreat: to move catheter or guide-wire 
through the blood vessel; 
 2) Rotation: to change direction of the catheter or guide-
wire in the blood vessel; 
 3) Cooperation of linear movement and rotation: to select 
the target vessel through narrow blood branches. 
 According to the operation habit, the master controller 
must collect the operation data of linear and rotation 
movement, and create force feedback for the surgeon to avoid 
collision between catheter and blood vessel during the 
operation. 

A.  Design of the Novel Remote controller 
 The remote controller shown in Fig.2 is composed of 
three parts: a rotation detection device, a linear detection 

device, and a force feedback device. The surgeon can 
complete the linear and rotating control and feel the force 
feedback generated by the frictional resistance. 
 The linear and rotation data are detected by optical 
navigation sensor respectively. The working principle of the 
optical navigation sensor is shown in Fig.3: when the surgeon 
operates the catheter, the led or laser will illuminates the work 
surface, and optical navigation sensor begins to scan the 
patterns and transfer thousands of pictures per second to the 
digital signal processor (DSP) [21-22]. The processor then 
calculate the direction and moving distance by comparing the 
differences between successive images. The novel controller is 
designed to be the similar structure for the surgeon to operate 
catheter or guide-wire in the operation room. The surgeon is 
able to freely advance and retreat the catheter, and rotate the 
catheter over 360 degrees. Comparing to commercial products 
like Phantom and omega, the optical navigation sensor has a 
smaller size and equal or higher level of precision. In addition, 
controllers like Phantom and omega makes it impossible to 
build an isomorphic structure for master-slave interventional 

(a) 

(b) 

Fig.1 The interventional surgical robot developed by Guolab.  

(a) master side: remote controller; (b) slave side: controlled robot. 

 
Fig.2 Virtual prototype of the proposed remote controller.  

 
Fig.3 Working principle of the optical navigation sensor. 



robot, which will force the surgeon to get familiar with the 
machine before the operation. Furthermore, the operation 
freedom of products like Phantom and omega is too high and 
the work space is limited, the catheter and guide-wire surgical 
technique cannot be applied to the remote control.  
 The force feedback device of the proposed remote 
controller is composed of a motor and a clamping device. The 
clamping device is designed to mimics the gripping motion of 
the thumb and index finger. The clamping device is driven by 
the motor through rack and pinion. Through calculation, we 
can control the clamping and relaxation of the clamping 
device by adjusting the rotation angle of the motor shaft. The 
portion of the clamping device that grips the catheter is 
equipped with tactile sensor, which will reflects the pressure 
exerted by the clamping device on the catheter. Through the 
connection between positive pressure and friction, we can 
create a friction force feedback for the operator by adjusting 
the motor [23-26]. 
 According to the introducing brochure, the device volume 
of the controller we use at present Geomagic®Touch X is 160 
W * 120 H * 120 D mm. The device volume of the proposed 
controller is 118 W * 70 H *81 D mm, which is much smaller. 

B. Calibration of Controller Displacement Measurement  
 The working diagram of measuring the linear and rotation 
displacement through optical navigation sensor is shown in 
Fig.4. The movement data is calculated by the direction and 
moving distance by comparing the differences between 
successive images. In order to achieve accurate measurements, 
linear and rotations are measured using individual optical 
sensors. Due to the small radius of the catheter, in order to 
improve the accuracy of the rotation measurement, the radius 
of the catheter is amplified by a rotary amplifying device, to 
approximately transfer the rotational motion as a linear motion 
perpendicular to the direction of catheter movement. The data 
of catheter movement can be calculated using the following 
two formulas: 

                                                               (1) 

                                                (2) 

 The calibration principle for of measuring the linear and 
rotation displacement is show in Fig.5, where ΔPx and ΔPy are 
the number of pixel changes received by the optical sensors in 
different directions when the surgeon operates. λ is the 

resolution of the sensor. The counts per inch (CPI) of the 
sensor in our case is 800, which means λ is 0.03175mm. For 
every 0.03175mm the catheter moves in linear or rotation 
direction, the sensor will detect a pixel and generate a count. 
Δx and Δθy are the linear and rotation movement result we 
acquire. r is the radius of the rotary amplifying device.  

III. EVALUATION EXPERIMENT 

 In order to evaluate the accuracy of the data collection by 
the novel master system, we designed two evaluation 
experiment. The experimental setup for linear and rotation 
accuracy evaluation is shown in Fig.6.   
 To evaluate linear accuracy, the catheter is fixed to the 
Geomagic®Touch X operate bar. The Geomagic®Touch X is 
connected to the computer through Ethernet [27-29]. The 
optical sensor is first connected to the data processor through 
wireless radio frequency, then upload the data to the computer 
through serial port. In order to ensure the accuracy of the 
experiment, two controllers are placed in parallel before the 
experiment, ensure the X axis of Geomagic®Touch X 
coincides with the linear displacement direction of the 

Fig.4 Working diagram of measuring the linear and rotation displacement 
through optical navigation sensor. 

  
Fig.5 Calibration principle of measuring the linear and rotation 

displacement. 

(a) 

(b) 

Fig.6 Experimental setup for linear and rotation accuracy evaluation.  

(a) Linear accuracy evaluation; (b) Rotation accuracy evaluation. 



catheter. By operating the catheter, the optical sensor and the 
Geomagic®Touch X detected the same amount of linear 
displacement. 
 Since the rotation range of Geomagic®Touch X operate 
bar is between 0 to 300 degrees, the rotation evaluation can’t 
full achieved by connecting the catheter to the 
Geomagic®Touch X. Therefore we use a high precision 
encoder to evaluate the rotation accuracy. The encoder 
resolution is 2048 pulse per round, which means the minimum 
angle change that the encoder can detect is 0.17°. According to 
the previous in vivo experiments, this resolution meets the 
requirements for the surgeon to operate catheter and guide-
wire. The encoder is fixed with the catheter that detected by 
the optical sensor through the rotary amplifying device. By 
comparing the rotation angles detected by the encoder and 
sensor during coaxial rotation, the rotation accuracy can be 
evaluated. 

IV. RESULTS AND DISCUSSIONS 

 Since the main controller is operated by a surgeon 
manually, we performed the evaluation experiments based on 
the operation habit at which the doctor performed the linear 
and rotational movement during the animal experiments in the 
previous study. The experimental process is shown in Fig.7, 
each experiment was carried out ten times. Limited by the 
length of the prototype catheter (300mm), the linear evaluation 
experiments moving distance were less than 300mm. 
Furthermore, since the tip of the Geomagic®Touch X control 
bar is an arc-shaped structure, there may be gaps at the rigid 
joint between the catheter and the Geomagic®Touch X, which 
may cause relative movement. Therefore, to avoid the relative 
movement error caused by forward-backward operation, the 
linear experiment only moved in a single direction when 
operating the catheter. The average operation error of linear 
experiments is 0.22mm, which meets the requirements for 
surgeons to operate catheter and guide-wire accurately 
according to previous in vivo experiments. Unlike linear 
experiments, the catheter is firmly fixed with encoder, so the 
catheter rotated both clockwise and counterclockwise during 
each evaluation. The average rotation error of rotation 
experiments is 0.97°, which also meets the requirements for 
surgeons to operate catheter and guide-wire accurately 
according to previous in vivo experiments. 
 According to the analysis, the error mainly occurs in two 
aspects: First is that during the linear displacement 
experiment, the distance between the catheter and the optical 
sensor changes when the catheter is operated, causing the 
sensor sampling to be affected. Second is that during the 
rotation experiment, although the rotation of the catheter is 
amplified, the sensor is still affected by the rotation angle 
during the measurement, and the measured value is 
inconsistent with the actual circumference of the rotation, 
which means a rotation displacement compensation is 
required. Moreover, when the operator controls the catheter, 
the operator's unconscious tremble will vary distance between 
the catheter and the optical navigation sensor, affect the 
accuracy of measurement results in some extent.  

V. CONCLUSION AND FUTURE WORK  

 In this paper, a novel remote controller for interventional 
surgical robot is proposed. The prototype structure and the 
controller function including linear/rotation movement 
detection and force feedback is demonstrated in the upper 
page. This paper mainly focused on controller’s linear and 
rotation movement detection method. The accuracy evaluation 
experiments shows that the proposed controller can meet the 
requirements of the master side movement detection. 
 However, there are still improvements we can achieve. 
For example the  rotation detect accuracy has to improve, and 
we need to figure out the rotation displacement compensation 
coefficient. 
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Fig.7 Experimental result for linear and rotation accuracy evaluation.  
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