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Abstract: - The goal of this study was to validate the suitability of our robotic system, Navi-Robot, to guide 
percutaneous needle placement under computed tomography (CT) in order to achieve lower radiation exposure 
and a shorter procedure. The system consists of a six-degrees-of-freedom self-balanced arm, which allows the 
physician an accurate needle-insertion. The target and the needle entry points are selected by the surgeon on a 
desktop computer, that acquires DICOM images from the CT scan, and that, using software developed for this 
purpose, detects also the position of at least three radio opaque markers placed on the patient, and localized by 
the robot after CT scan. A first test was performed on a Plexiglas board; the accuracy achieved was measured 
as the distance between the needle tip and the target. The results of the in vitro experiment showed that the 
system is able to reach the target with an accuracy of 1.2 mm. 
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1 Introduction 

Surgical robots are becoming popular in the field of 
minimally invasive surgery especially for 
percutaneous needle insertion, which is a commonly 
used procedure in medical treatments such as: 
biopsies, brachytherapy, radio frequency ablation 
(RFA), cryoablation or chemotherapy. In this 
regard, using robotic surgery provides two 
important advantages: the increased precision of 
positioning and reduction of radiation exposure. The 
first one, resulting in significantly less pain, scarring 
and recovery time for patients, in addition to a 
shorter hospital stay. The second one is even more 
important since the quantities of radiation generated 
during these operations are not insignificant and the 
absorbed doses may predispose both the patient and 
the surgeon as well to the development of a variety 
of potentially devastating complications [1]. In this 
regard, several international organizations involved 
in establishing radiation safety guidelines are 
becoming increasingly concerned with this issue [2]. 
The risk is even higher for children because their 
growing tissue is more susceptible to ionization, and 
they have a longer life span to develop malignancies 
[3]. A number of specialized image-guided robots 
have been developed for ensuring patient and 
surgeon safety while providing imager 
compatibility. 
Minerva (Swiss Federal Institute of Technology, 
Lausanne and Zurich) is a computer tomography 
(CT)-guided, multifunction neurosurgical robot [4], 

which is able to operate inside a CT gantry with 
longitudinal movement allowing cranial scans at any 
level. The physician using a remote control, can 
manipulate two instruments and the tool for 
automatic penetration of the tissue, skull, and 
meninges. A remote center of motion (RCM)-based 
prototype robot designed for needle alignment 
inside a CT gantry was developed by Siemens [5]. 
The system consists of a small radiolucent distal 
robotic system which allows an active needle 
orientation about a fixed location. For this 
application, a new CT fluoro-servoing algorithm 
was developed for targeting purposes and needle 
insertion was performed manually once the needle 
guide is in position. 
The AcuBot robot [6] has been designed for X-ray 
guided percutaneous interventions and it uses 
revised PAKY and RCM modules while 
incorporating two newly designed components, and 
XYZ Cartesian stage and a passive S-Arm, mounted 
on a “bridge” frame. Studies demonstrate that this 
robotic system is significantly more accurate than a 
Computer-Assisted Navigation System [7].  Another 
CT-integrated system for interventional procedures 
was developed including preliminary experiments 
[8-10]. 
The goal of this paper is to describe the design and 
testing of a 6-DoF-needle driver prototype to 
demonstrate the proof-of-concept and to study its 
accuracy. Target registration is achieved using 
spherical markers placed on the patient’s body. A 
CT scanner allows to determinate the position of the 
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target in its frame of reference. Supplying then the 
scanner DICOM images to an algorithm, the 
spherical markers positioned on the patient are 
automatically recognized determining their position 
in the CT scanner frame of reference. It is now easy 
to create a new coordinate system based on the 
markers positions, in which the target position is 
determined. Next moving the robot in passive mode 
to touch the center of the hollow spherical markers 
on the patient, it is possible to compute the target 
coordinates in the robot frame of reference, hence 
aligning the needle to the desired penetration 
trajectory calculated by an algorithm specifically 
implemented for this purpose.      
 
 
2 Materials and method     

The robotic system, used to perform precision 
biopsy, is the Navi-Robot, a hybrid parallel/serial 
kinematic developed by the Department of 
Mechanical Engineering at University of Calabria in 
cooperation with Calabrian High Tech s.r.l. [11-12]. 
The Navi-Robot kinematic chain is composed of a 
planar four-bar-linkage with horizontal axis, which 
provides a single vertical degree of freedom, while a 
3-DoF structure mounting parallel vertical axes, 
(SCARA like) is linked to the rod of the four-bar- 
linkage mechanism.  To the fourth rotational DoF a 
fifth hinge with axis perpendicular to the fourth is 
linked, being the sixth again perpendicular to the 
previous, while the axes of the last three hinges 
meet in a single point, which behaves as a spherical 
hinge. A view of the 6-DoF arm’s structure is show 
in Figure 1.  
 
2.1 Calibration accuracy 

The final position accuracy of the robot is mainly 
influenced by: kinematic inaccuracy (due to 
manufacturing and assembly errors in both actuated 
and passive joints), load deformation (due to 
external forces including gravity) and thermal 
deformation. In order to calibrate the robot, it is 
requested to reach some desired poses and the 
reached actual poses are measured. The terminal 
element of the calibration end-effector is a cube and 
on three faces of it, are placed 12 pins, equally 
spaced (Figure 2, Figure 3).  
The axis of the end-effector connection tube passes 
through the center of the cube defining three 
different angles with respect to each face provided 
by pins. 
The end-effector was designed to be placed in 
different known positions on a Plexiglas board 

provided by a series of holes on its surface. In 
particular, each 4-pins set of the cube can fit in 4 
holes of the board forcing the robot to assume a 
different joints configuration for each face of the 
cube in contact with the board. Hence, during the 
calibration procedure, several poses of the end-
effector were collected, registering the angles of the 
joints. These values are recorded together with the 
correspondent theoretic end-effector pose position. 
 
 

 
Figure 1: Navi - Robot system: robotic system with 

6 DOF 
 

 

 
Figure 2:Terminal element of the calibration end 

effector 
 
 

Figure 3: The robot, the calibration plate and the 
end effector during the calibration process. 
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To improve the calibration accuracy and to cover 
the whole working area with different end-effector 
orientation the measuring board was designed to 
have 360 insertion holes within the robot 
workspace. The calibration procedure was 
performed as follows: 180 poses were collected, for 
each of the 180 poses we evaluated the distance 
between the known end-effector positions with 
those estimated using the measured joint rotations 
and the evaluated structural parameter errors. Then, 
the exact robot geometry is estimated analyzing the 
difference between the desired and the reached 
poses. The average position error before calibration 
procedure was about 4.1 mm with standard 
deviation of 7.3 mm and 11.1 mm as maximum 
value. After the calibration, the average position 
error was -0.02 mm with a standard deviation of 0.3 
mm and 0.9 mm as maximum value. In order to 
perform the biopsy, the end-effector used for the 
calibration was replaced by the end-effector bearing 
the needle and the marker described in section 2.2. 
Since even this end-effector is affected by geometric 
error due to manufacturing errors, a calibration 
procedure is required to compensate these errors by 
calculating a set of six error parameters denoting the 
end-effector geometry. A similar procedure to that 
previously described was executed. The tip of the 
needle was placed in known positions and we 
evaluated the distance between the known needle 
positions with those estimated using the measured 
joint rotations and the evaluated structural parameter 
errors. The average position error was 0.05 mm with 
standard deviation of 0.4 mm and 1.3 mm as 
maximum value. According to a definition from 
international standards (ISO 9283 [13]), we 
estimated the robot repeatability as: 

𝑅𝑅𝑝𝑝 = 𝑙𝑙 + 3𝜎𝜎 = ±0.4𝑚𝑚𝑚𝑚   (1) 

where l is the correlation factor, σ is a standard 
deviation and Rp is the repeatability range. 

2.2 System components and needle insertion 
procedure 

Besides the manipulator, in order to perform the 
needle insertion procedure, the position of the target 
visualized by using the CT scanner, must be known 
with respect the reference frame of the manipulator. 
To do so, three spherical markers, are rigidly 
attached, on the body’s patient and on the needle 
driver. A Windows 7 personal computer is used to 
run the software for the user interface, which allows 
the surgeon to control each step of the needle 
insertion procedure described as follow: 

1) First a CT scanning of the patient positioned 
on the CT table is obtained 

2) The DICOM images are passed from the 
operator’s workstation to the personal 
computer over an Ethernet connection.  

3) The user interface software automatically 
determines the spherical markers position 
while allowing the physician to select the 
target point also defining the needle entry 
location,  

4) The user interface computes the position of 
the target and entry point in the new frame 
of reference based on the markers position  

Once the physician has chosen the correct needle 
path on the CT images, the robot registration 
process must start. This is done bringing the robot 
probe in passive mode to touch the center of the 
hollow spheres (M1, M2 and M3) in any sequence 
pushing a pedal each time the position is reached, 
and leaving the robot arm in any position at the end 
of this process. Pushing again the pedal two times in 
short sequence commands the robot to reach the 
needle entry position orienting the needle in the 
right direction.  
This requires us to determine the transformations 
between the various coordinate systems. To describe 
the position and orientation of a rigid body in three- 
dimensional (3-D) space, we attach a coordinate 
system to the object. We then describe the position 
and orientation of this coordinate system relative to 
the reference coordinate system. Touching the 
center of the spherical markers its coordinates in the 
robot coordinate system (RCS) are determined. 
Since the marker’s as well as target and needle entry 
point positions are also known in the CTCS (CT 
coordinate system) it is now easy to transfer this 
information in the RCS. 

2.3 Targeting computation 

We define the needle coordinate system with respect 
to the robot reference frame as follow: the z-axis is 
located on the axis of symmetry of the end-effector 
frame, the x-axis is orthogonal to the plane of the 
frame and aligned to the alignment cylinder, and y-
axis is calculated by the right-hand rule (Figure 4). 
Finally, the origin of the system is located at the tip 
of the needle. The needle axis is down along the x-
axis and needle position coincides with the origin of 
the coordinate system. If the subscript denotes the 
object of interest and the superscript denotes the 
reference coordinate system, the needle position and 
orientation can be defined by a homogenous 
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transformation matrix Rinit _needle
RCS . 

 

 
Figure 4: Needle system coordinates 

Thus, knowing the 3D coordinates of the target and 
of the entry point reconstructed in the C-arm space, 
as well as the marker’s coordinates, it is possible to 
introduce a new frame of reference, that will be 
named Patient Coordinate System (PCS) whose 
origin will correspond to the average of the marker’s 
position, with z axis perpendicular to the plane 
containing the markers, x axis parallel to the line 
joining the two most distant ones, and y obtained 
with the right-hand rule. Clearly we will identify 
both a RPCS  and a RPCS  RCSCTCS  respectively, and 
this will allow to easily pass from CTCS and RCS. 
In fact, knowing PT and PE CTCSCTCS , we can map 
these points into the robot coordinates system as 
follow: 

P𝑇𝑇 = RPCS   × RCS 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃−1   × 𝑃𝑃𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃        (2) 

P𝐸𝐸 = RPCS   × RCS 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃−1   × 𝑃𝑃𝐸𝐸𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃        (3) 

that allows using the entry point coordinate (Figure 
5) (yellow marker) and target coordinates (green 
marker) to provide a new vector ET������⃑ , to which the 
needle is to be adjusted.  
Having obtained the coordinates of the two points, 
we now need to compute the directional cosines in 
the RCS of the end effector’s x axis, ensuring that 
the coordinates of point T in the needle CS will be 
positive, so that the robot will remain outside of the 
patient’s body.  A second condition was imposed on 
the y axis, to have zero component in the vertical 
direction (the z axis of the RCS). 
Once x and y axes are established, and the origin of 
the needle CS is coincident with the entry point, it is 

possible to compute the set of joint parameters to be 
reached in order to position the end effector as 
requested, which requires the computation of the 
robot inverse kinematic. 

q = [q1, q2, q3, q4, q5, q6]T     (4) 

 
Figure 5: Needle path planning 

Since at that moment the inverse kinematic of the 
robot did not take into account the geometric error, 
the vector q was corrected using the direct kinematic 
that contains the error parameters for geometric 
errors compensation. To do so, the vector q was 
used to evaluate the position of the tip needle at 
entry point PE_corr

RCS  and at the target point 
PT_corr

RCS  via direct kinematic. Thus the error can 
be minimized using the following equation (5): 

𝐸𝐸𝐸𝐸𝐸𝐸

= �� 𝑃𝑃𝐸𝐸𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸 − 𝑃𝑃𝐸𝐸𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃 �2 + � 𝑃𝑃𝑇𝑇𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸 − 𝑃𝑃𝑇𝑇𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃 �2  (5) 

Once the new set of joint parameters have been 
obtained, since after obtaining the marker’s 
coordinates the robot was left in a relatively far 
from the patient position, also characterized by a set 
of joint parameters, it is now necessary to move the 
robot varying linearly the six parameters from initial 
to final position, and the system is ready for the 
biopsy. 

Naturally the process seems very long, but once 
programmed and tested, it takes less than a second, 
from the moment in which the doctor presses twice 
the pedal to the moment in which the robot locks the 
brakes and moves to get ready for the biopsy. 

3 Results 

For the targeting procedure, the target consisted of 
radiolucent spheres 1, 2, 4 mm in diameter, placed 
on a screw locked in various positions of a Plexiglas 
board provided by three spherical markers, 
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resembling the body of the patient, and a CT scan of 
the object was performed (Figure 6). 

 
Figure 6:  CT scan of the rigid object simulating the 

patient 

To perform the needle alignment and insertion the 
required translations and rotations were computed 
for each position. The needle holder, with the needle 
inserted up to the tip of the guide, was introduced 
into its position on the robot end-effector. With the 
system adjusted and locked to the specified 
positions, the needle was advanced through the 
needle guide to a pre-ticked position on the needle, 
specifying final needle depth (Figure 7). The 
targeting procedure was performed 24 times and the 
time to perform the procedure was about 3 min 
excluding the time necessary to import the CT 
images. The results are show in the Table 1. 

Table 1: CT based targeting accuracy result 

Sphere 
diameter 

[mm] 
Success Failure Success 

rate 

1 2 8 25% 

2 12 0 100% 

4 12 0 100% 

 
 
4 Conclusions 

The goal of this paper was the development of an 
image guided robotic system for needle-positioning 
procedures using a CT scanner.  Such a system 
would aid the surgeon in inserting a needle into a 
tissue, reducing surgery time, surgery cost and 
patient-surgeon radiation exposure. 

Figure 7:  Needle targeting procedure 

 
A number of error sources exist in the designed 
system. These error sources include errors 
originating from the calibration, point selection and 
repeatability of the robotic system. The decrease in 
targeting accuracy outside the calibration volume 
can also affect the accuracy of the system. Working 
inside the calibration volume is crucial in avoiding 
large targeting errors. This implies that the height of 
the target volume must be identified in the pre-
surgery planning stage and taken into account 
during the calibration and targeting stage of the 
procedure. The mechanical of the robotic system 
with a mean of 0.678 mm was acceptable for the 
first prototype, however different mechanical 
solutions could be useful to achieve better robot 
accuracies and repeatability in order to restrict 
deflection of the axes of the joints, and other 
geometric errors. A number of improvements to the 
current robotic positioning system are possible. One 
would be the replacement of the manual insertion by 
an automated alternative such as the use another 
servo-or stepper motors which allows the needle to 
translate and rotate. This would increase procedure 
speed reducing the risk of needle deflection during 
the insertion, but would increase system cost. 
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