
Hybrid Robot for Percutaneous Needle Intervention Procedures:
Mechanism Design and Experiment Verification

Hanyi Zhang1, Guocai Yao1, Feifan Zhang2, Fanchuan Lin3 and Fuchun Sun1

Abstract— This paper presents a 6-DOF hybrid robot for
percutaneous needle intervention procedures. The new robot
combines the advantages of both serial robots and paral-
lel robots, featuring compactness, high accuracy, and small
footprint while overcoming the problems of the high cost of
serial robots and the small workspace and singularity issue
of parallel robots. Besides, by analyzing the workspace of the
robot, the equation is derived between the structure parameter
and workspace to adjust the parameters of the robot to satisfy
different working scenes. According to the experiment, the
accuracy of the robot is related to the position, distance, and
insertion angle. The result shows that the performance is better
when working near the center workspace and away from the
servos and the average error of the robot is 1.39mm. The
phantom experiment of lumbar puncture validates its feasibility.

I. INTRODUCTION

Percutaneous interventions are significant minimally in-
vasive clinical procedures mainly applied in diagnostic
and therapeutic, such as biopsies[1], abscess drainages,
tumor ablations[2, 3], and drug administration, involving
many anatomical sites[2, 4], including breast[5, 6], brain[7],
prostate[8-11], bones[12-14], and internal organs[3, 15]. Po-
sitioning is a critical but challenging task in percutaneous
interventions. However, it is very difficult to achieve needle
insertion precision within 3mm[16] by positioning manually,
and CT guidance typically achieves an accuracy of around
5mm[17] due to the limitation of human hands and it highly
relies on the experience of surgeons. Besides, to position the
target, many procedures are guided by images, which makes
doctors exposed to X-rays. The medical robot can not only
improve the position accuracy but also have the potential to
avoid radiation damage to doctors[18, 19].

The existing robots for percutaneous interventions can be
divided into two categories: serial robots and parallel robots.
The serial robot arm is the most common type applied in
many situations due to its early development[20, 21]. The
ROSA robot[22, 23] from Zimmer Biomet, UK, is one of
the most widely used medical robots including the ROSA
One Brain, ROSA Knee, and ROSA One Spine which are
used for minimally invasive surgery related to the brain, knee,
and spine, respectively. Zimmer Biomet has chosen to design
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Fig. 1. The wide range of applications of percutaneous intervention robotic
systems.

its robotic platform with an industrial 6 degrees of freedom
(DOF) robotic arm and the accuracy can be achieved within
1mm. However, the accuracy of the robot comes at a cost and
in a large size. Serial robots consist of several active joints
connecting the end effector and the base, which feature high
dexterity and large workspace but suffer from low precision,
large footprint, and high cost[24].

Parallel robots developed much later than serial robots.
Maurin et al.[25] present a parallel robot named CT-Bot
composed of a needle driver and a positioner. CT-Bot has 5
DOF: 3 DOF for the position and 2 DOF for the orientation.
Plitea et al.[26] present a new 5-DOF modular parallel
robotic structure for brachytherapy. The new structure has
a small occupied volume and can be compatible with the
CT scanners used in the procedures, which will enhance
the accuracy of the needle positioning and seed delivery,
reducing radiation exposure. Parallel robots consist of at
least two independent kinematic chains connecting the mov-
ing platform and the fixed platform, which feature high
precision and velocity but suffer from low dexterity and
small workspace. The conflict of high precision and large
workspace has been a constant challenge for positioning
robots, especially for systems that require high speed and
muti-DOF.

To solve this issue, hybrid robots based on parallel mecha-
nisms have been proposed to be applied in the percutaneous
needle intervention procedure. Patel et al.[13] developed a
body-mounted 4-DOF mechanism robot for percutaneous
interventions. Salimi et al.[27] designed a 4-DOF MRI-
compatible and cable-driven manipulator called ROBOCATH
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Fig. 2. The working process of the percutaneous intervention robot with
the example of lumbar puncture.

in transapical beating-heart interventions. Both of them con-
sist of two layers of planers to adjust the direction and
position of the needle. However, They all involve the rotation
of the planer which leads to low movement efficiency and
the complex control system. Therefore, the development
of a robot with excellent comprehensive performance is
significant for positioning issues.

This paper proposes a hybrid robot that combines the
advantages of both serial and parallel robots and features
small volumetric and compactness. This robot is based on
two 3-RRR parallel mechanisms, thus featuring high preci-
sion and speed as parallel robots. Compared to the previous
hybrid robots involving the rotation of planers, the 3-RRR
mechanism also makes it easy to control and move with high
efficiency. Two 3-RRR parallel mechanisms are connected
in series, which enlarges its workspace and enhances its
dexterity, leading to the advantages of serial robots.

II. ROBOT DESIGN AND KINEMATIC
MODELLING

A. Robot design

As shown in Fig. 2, percutaneous interventions require the
needle to be inserted into a target along a certain direction,
thus demanding the robot to have the ability to position and
insert. The hybrid robot in this paper has 6 degrees of free-
dom and consists of two modules: the positioning mechanism
and the needle insertion mechanism, which are independent
of each other. The positioning mechanism consists of two
layers of planar positioning mechanism. The upper platform
and the lower platform adopt the same structure and are
parallel to each other and co-axial, each providing 3-DOF
motion (two for the x, and y coordinates, one for rotation
around the z axis) respectively. With the coordinates of
two points on different planes determined, the direction and
position of the needle guide are determined. Some research
has shown that rotating a bevel needle at a proper speed while
inserting can reduce the displacement from the target[15, 28-
30] thus demanding the robot to have the ability to rotate
the needle, which is rarely considered in previous research.

Fig. 3. The robot provides 6 DOF: each layer of the positioning mechanism
has 2-DOF for localization of the moving platform on the plane with 1
redundant DOF to improve the performance and the insertion mechanism
has 2-DOF (one for insertion, another for needle rotation).

Therefore, the needle insertion mechanism has 2-DOF, which
is used to advance the needle forward and rotate it. Fig. 3
shows the fully assembled robot and the two modules.

The positioning module consists of two layers of 3-RRR
planar parallel manipulator which features high accuracy,
simple structure, and high movement efficiency. Each layer
is driven by three servos (XM430-W350, Robotis, Korea) on
the static platform, to determine the position of the moving
platform in the plane and the rotation angle. A spherical
hinge is embedded in the moving platform for connecting
the puncture needle guide, so that the needle insertion
mechanism will not rotate with the platform rotation, thus
converting the rotational degrees of freedom of the 3-RRR
manipulator into redundant degrees of freedom, which is
used to avoid the singularities and improve the dexterity of
the mechanism in order to optimize the performance of the
mechanism. As shown in Fig. 4 (a), the upper platform ball
hinge and the catheter adopt interference fit to fix the needle
guide, and the lower platform adopts gap fit to connect with
the needle guide, so as to adapt to the change of its length
between the two platforms when the needle guide changes its
attitude. As shown in Fig. 4 (b), the needle insertion module
is a concentric tube robot. A Ni-Ti alloy wire is inside the
hollow tube and a needle can be fixed on the end of the
wire. With the direction of the needle determined by the
needle guide tube, the screw drives the needle to advance,
and the servo controls the rotation of the needle.

The hybrid robot not only meets the requirement of
most percutaneous intervention procedures but also combines
the advantages of both serial and parallel medical robots,
featuring high accuracy, compactness, and small footprint.
Besides, compared to the existing robots, the rotational DOF
of the needle insertion mechanism gives it the potential to
achieve higher accuracy in vivo.

B. Kinematic modeling

Kinematic modeling is the basis for parameter optimiza-
tion and the robot control system. In this section, we first
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Fig. 4. The assembly rendering of two modules. (a) The positioning module
is composed of double 3-RRR parallel planar manipulators and uses the
spherical hinge to fix the needle guide. Each layer is driven by three servos.
(b) The needle insertion module is a concentric tube robot. A flexible but
hard NiTi alloy wire inside the tube is driven by a screwdriver to advance
and a servo to rotate.

consider the inverse kinematic modeling between the needle
tip and two planar manipulators and then develop the inverse
kinematic equation of the individual 3-RRR planar parallel
manipulator, so as to obtain the inverse kinematic model of
the whole robot. The forward kinematics needs to be solved
by the numerical iteration method, which is computationally
intensive and costly in terms of computational time, and the
positive kinematics model is not applicable to the analysis of
this structure[31]. Therefore, we just discuss and build the
inverse kinematic modeling in this section.

1) kinematic model between the needle and the dual
platform of the positioning module. As shown in Fig. 5,
The z-coordinate of plane1 is 0 and the spacing between the
two platforms is D. The end effector of plane1 coordinate
is O1 (x1,y1,0), and the end effector of plane2 coordinate is
O2 (x2,y2,D).

The target point position is defined P(x0,y0,z0), and the
vector p⃗(xd ,yd ,zd)defines its direction.

x1 − x0

xd
=

y1 − y0

yd
=

0− z0

zd
(1)

x2 − x0

xd
=

y2 − y0

yd
=

D− z0

zd
(2)

From Equations (1) and (2), the O1, O2 can be expressed
as follow:

O1 =

 x1
y1
0

=


−z0
zd

xd + x0
−z0
zd

yd + y0

0

 (3)

O2 =

 x2
y2
0

=


D−z0

zd
xd + x0

D−z0
zd

yd + y0

D

 (4)

Fig. 5. The assembly rendering of two modules.

2) kinematic model of the single parallel planar manipu-
lator. The inverse kinematics of the 3-RRR planar parallel
mechanism is solved to establish the equation between the
pose of the end-effector and the angles of servos. Combining
with the kinematics equation between needle and position-
ing modules obtained above, the overall inverse kinematics
solution for this robot can be derived. s shown in Fig. 6, R
is the radius of the static platform A1A2A3, r is the radius of
the moving platform C1C2C3. The coordinates of the servos
joints are:

A =
[

A1 A2 A3
]
=

[
0

√
3R

√
3

2 R
0 0 3

2 R

]
(5)

The coordinates of the servos joints with respect to the
centre M are:

CM =
[

CM
1 CM

2 CM
3

]
=

[
−

√
3

2 r
√

3
2 r 0

− 1
2 r − 1

2 r r

]
(6)

The spatial transformation matrix T for transforming frame
M into frame N is shown as follows:

M
N T =


cosα −sinα 0 x
sinα cosα 0 y

0 0 1 0
0 0 0 1

 (7)

The coordinates of the moving platform center in the static
coordinate system can be expressed as follows:[

Ci
1

]
= M

N T
[

CM
i
1

]
(8)

From equations(7) and (8), C can be expressed as follows:

[
C1 C2 C3

]
=[

x− r cos
(

π

6 +α
)

x+ r cos
(

π

6 −α
)

x− r sinα

y− r sin
(

π

6 +α
)

y− r sin
(

π

6 −α
)

y+ r cosα

]
(9)
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Fig. 6. Schematic diagram of 3-RRR parallel planar manipulator and
kinematic parameters.

For each branch AiBiCi, it satisfies the following vector
equation:

−→
NiCi =

−−→
NiAi +

−−→
AiBi +

−−→
BiCi (10)

After solving Equation (10), the input variable of the robot
can be expressed as follows:

θi = 2arctan
(
−ki1 ±

√
kiws

ki3 − ki2

)
(11)

where

kiws = k2
i1 + k2

i2 − k2
i3

ki1 = 2L1 (yAi − yCi)
kI2 = 2L1 (xAi − xCi)

ki3 = x2
Ci + y2

Ci + x2
Ai + y2

Ai −2xCixAi −2yCiyAi + l2
1 − l2

2

From equation (12), each branched chain has two so-
lutions, therefore, there are eight configurations of 3-RRR
planar parallel manipulator. Kock et al.[32] carried out a
comparative study on the performance of several config-
urations, and the results showed that the performance of
3-RRR in symmetric configuration is more symmetric and
centralized, with a better performance in the central region.

III. WORKSPACE ANALYSIS AND STRUCTURE
PARAMETER DESIGN

The reachable workspace of the robot can be solved in
the geometric method. The reachable workspace can be
obtained through the limit positions in the two 3-RRR
parallel manipulators as Fig. 7 shown. In the ideal case, the
height of this frustum h of the cone is determined by the
needle insertion mechanism and the angle of generatrix is
arctan(2R/D), where R is the radius of the workspace of the
planar parallel manipulators and D is the spacing between the
two manipulators. In the actual case, limited by the actual
mechanical structure, the needle feed angle may not reach
arctan(2R/D), and hard to work close to the manipulators.

Fig. 7. The left is the reachable workspace for locating-only work and
the right one is the workspace for work with requirements of both location
and orientation. For the diagram of the second row, the blue scale is the
ideal workspace and the red scale is the actual workspace with introducing
modified parameter.

The maximum reachable angle φ and the correction height
δh can be introduced to modify it.

The reachable workspace obtained by the above method is
more suitable for simple point positioning task which has no
requirement for the angle, but in some puncture procedures,
there is often a certain requirement for the angle of the needle
insertion. Let the maximum angle required for the needle
feed be θ , the workspace is a cone with R−Dtanθ as the
radius of the bottom surface and R/tanθ −D as the height
as shown in Fig. 7. Besides, the maximum reachable angle
should be guaranteed greater than θ under interference in
the manufacturing process.

Based on the workspace analysis above, the structure’s
parallel can be designed according to requirements of the
actual work. Take the following situation as an example: the
targets are on the plane which is d away from the robot and
the distance between the farthest target and the central point
is rP. According to the analysis, the structure parameters of
the robot should satisfy the equation:

(R/tanθ −D−d)tanθ > rp (12)

IV. EXPERIMENT AND RESULTS

A. Accuracy assessment and analysis

To characterize the accuracy of the needle positioning
module, we chose a laser transmitter with a diameter of 6mm
to be fixed on the end of the actuator, and a laser receiver
plate on the opposite side to the mechanism, which identifies
the position of the laser spot center by means of a binocular
camera. The target position is transmitted to the positioning
mechanism via the computer, which makes the end-effector
move to the corresponding position, making the laser spot
center move to the target. The setup of the experiment is
shown in Fig. 8. Before the experiment starts, the origin
of the coordinates needs to be calibrated: the coordinates
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Fig. 8. Experiment setup: the robot, camera, laser transmitter, laser receiver
plate. The recognition result of the laser spot on the image from the camera
by the computer is shown in the red circle at the lower right corner. The
recognition algorithm performs well.

O(0,0) are transmitted to the mechanism, making the laser
point move to the origin. Then the original coordinates of
the point in the camera are acquired in the camera. Repeat
the process ten times and take the average of the horizontal
and vertical coordinates to define this position as the origin
of the coordinate system in the camera.

To characterize the accuracy of the positioning mecha-
nism locating targets in different positions, the targets are
set on circles with a radius of 10mm, 20mm, and 30mm
respectively with the distance between the receiver panel
and the robot being set to 300mm. On each circle, the
targets are set in six uniform locations within the robot’s
workspace according to the symmetry of the robot. Using
the targets’ x-y location as the input to the mechanism and
setting the insertion angle of the needle to 0 degrees, the
laser transmitter was placed in the corresponding position to
lase to the target location on the receiver plate. The actual
position of the center of the laser points is obtained by the
camera to calculate the error between the target position and
the actual position. The experimental results show that the
average error of the mechanism at 10mm, 20mm, and 30mm
away from the center is 0.59mm, 1.67mm, and 2.46mm,
and the average error of different locations is 1.38mm. As
shown in Fig. 9 (a), it can be concluded that the closer
the positioning mechanism is to the center, the better the
accuracy performance. Besides, the accuracy is higher at the
position away from the servos than near the servos (along
the red line in Fig. 9 (a)). The result is consistent with
the performance distribution characteristics of the 3-RRR
mechanis[33] which is the main reason for the distribution
of the error.

To characterize the accuracy of the positioning mechanism
locating in the same target locations at different angles,
set the distance between the receiver panel and the robot
to 300mm, the laser was demanded to reach the origin
of the coordinates at an angle of 2 degrees, 5 degrees,10

Fig. 9. (a) The locations of the targets and corresponding actual spots on the
plate obtained in the experiment: The red spots are the desired targets and
the blue spots are the actual laser spots. The area of blue bubbles represents
the error at each target. The result of lasing to different positions vertically
shows that the error is positively correlated with the distance from the center
and the error is larger in the groups whose target is close to servos. (b) The
position of the bubbles of different colors shows the locations of the actual
laser spots obtained by lasing at different angles and the area of bubbles
represents the error. For the experiment of each angle, six directions are set
as the the lower left diagram shown. (c) The errors of lasing to the same
location at different angles and distances.

degrees, and 15 degrees. According to the symmetry of the
robot, in each group, we set six directions in the cone as
shown in Fig. 9 (b) to reach the target point at the same
angle. The experimental results show that the average error
of the mechanism with the angle of 2 degrees, 5 degrees,
10 degrees, and 15 degrees is 1.00mm, 1.23mm, 1.84mm,
and 2.33mm, and the average error of different locations is
1.60mm. The process was repeated the two times to get the
average values. As shown in Fig. 9 (b), it can be concluded
that the larger the insertion angle is, the worse the accuracy
is. In this experiment, the different angles were achieved by
changing the position of the moving platforms of two 3-
RRR planers. The error increases with the increasing of the
distance between moving platforms and the center of planers.

To characterize the accuracy of the positioning mechanism
locating the targets at different distances, the laser receiver
plate is placed at distance of 200mm, 250mm, 300mm, and
350mm for the mechanism to reach the targets (0,0) at
different distances. In each group, the mechanism lases to the
target at six different angles and the experimental results are
shown in Fig. 9 (c). The experimental results show that the
average error of the mechanism at the distances of 200mm,
250mm, 300mm, and 350mm is 0.72mm, 1.22mm, 1.61mm,
and 2.04mm, and the average error of different locations is
1.39mm. As shown in Fig. 9 (c), the shorter the distance,
the higher the accuracy. Besides, with the increase of the
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Fig. 10. (a) The accuracy validation experiment within gelatin: Beads
of different colors are with different Diameters: yellow: 8mm, blue: 5mm,
green: 3mm, red: 2mm. The distance between two layers is 15mm. (b) The
lumbar phantom and feasibility evaluation experiments.

distance, the change of the error brought about by the change
of angle increases, which means the error is more sensitive
to the change of angle.

TABLE I
RESULT OF THE ACCURACY EXPERIMENT

Accuracy at different distances from the center of the mechanism
distance(mm) 10 20 30 - mean

error(mm) 0.59 1.67 2.46 - 1.38
Accuracy at different angle

angle(◦) 2 5 10 15 mean
error(mm) 1.00 1.23 1.84 2.33 1.60

Accuracy at different distances from the receiver panel
distance(mm) 200 250 300 350 mean

error(mm) 0.72 1.22 1.61 2.04 1.39

B. Lumbar puncture validation

In order to test the feasibility of the mechanism in per-
cutaneous interventions, a stiff needle was mounted on the
end of the actuator to simulate the insertion of a puncture
needle, and different body model experiments were designed
to validate the mechanism using gelatin instead of human
tissue. In order to validate the robot’s localization mechanism
for different target sizes at different depths and locations,
a gelatine model as in Fig. 10 (a) was designed: the target
was placed in different depths of gelatine and different target
sizes were placed in each layer. the larger beads stand for
more feasible clinical targets while the smaller beads stand
for more challenging targets. In this experiment, the needle

needs to reach each target through the alimentary gelatin. The
result shows that all the targets can be reached accurately in
the alimentary gelatin, validating the accuracy of the robot
working in the phantom.

The phantom is constructed according to the sizes of the
human body to simulate the human waist as shown in Fig.
10 (b) the phantom was sealed all around with a Lumbar
spine model embedded in the inside gelatin and a view
window was on the front, back and top. According to the
previous research on lumbar puncture, the body landmark for
puncture the L4 spinous process located at the intersection
of Tuffier’s line and the lumbar spine midline, and the
diagnostic Lumbar Puncture should be performed at the L3/4
interspinal space[34, 35]. Therefore, a hole was drilled at the
same location on the top of our phantom and the needle needs
to through the hole to obtain CSF samples after piercing
the ligamentum flavum, dura, arachnoid, etc. The experiment
results show that the robot can successfully insert into the
spine to reach the target location through the hole.

V. CONCLUSION AND FUTURE WORK
In this paper, we describe a hybrid robot for percutaneous

interventions and validate its performance. This hybrid robot
features high accuracy, small footprint, compactness, and
enough workspace by combining the advantages of both
serial robots and parallel robots. The compactness and small
size make it possible to work in the MRI scanner, whose bore
size (600-700mm) hinders applications of both doctors and
numerous serial robots, and to be fixed on other robots ends
to obtain larger workspace with high accuracy, thus giving
it potential for a wide range of applications. Moreover, the
redundant degree of freedom makes it avoid the singularity
successfully, which overcomes a big problem for the parallel
manipulator. The innovative needle insertion mechanism can
support it to reach a higher accuracy by avoiding deviation
caused by human tissue due to the design of the rotational
DOF of the needle. This paper also proposes the method and
equations to adjust the structure parameters of the robot to
satisfy the different requirements of the workspace according
to the calculation and analysis of the workspace. In the
experiment, the accuracy can reach a submillimeter scale
when working near the center part of the robots. Positioning
to different locations at different directions and distances,
the accuracy is much less than 5mm. The experiment result
shows that the accuracy of the robot can satisfy the require-
ment of most kinds of percutaneous needle interventions and
validates its feasibility by working with a phantom.

In the future, to achieve higher accuracy and repeatability,
the design of some fastenings of the mechanism needs to
be improved and the error compensation experiments and
calculations need to be conducted. Besides, in order to
realize MRI compatibility, actuators with electromagnetic
compatibility needed to be found or designed to replace the
traditional servos.
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