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Abstract— A novel parallel Remote Center of Motion (RCM)
mechanism is proposed for a surgical robot designed to perform
minimally invasive needle-based interventions for lung cancer
diagnosis and treatment. The proposed robot provides four
degrees of freedom (DOFs) to orient and move a surgical
needle within a spherical coordinate system. The RCM is
beneath the skin surface to minimize the invasiveness of the
surgical procedure while providing the required workspace.
This compact, patient-mounted robot benefits from a design
capable of measuring the pure interaction forces between the
needle and the tissue. In this paper, the mechanism design
and its specifications are described. The kinematic analysis is
presented and isotropy of the mechanism for targeting tumors
is studied. Finally, the performance of the proposed robot is
evaluated experimentally.

I. INTRODUCTION

Minimally invasive cancer diagnosis and treatment fre-
quently involves needle-based interventions for image-guided
biopsy, ablation, drug delivery and brachytherapy. The suc-
cess rate of these interventions depends on the precise
insertion of the needle into soft tissue organs such as the lung
and liver [1]. While advanced imaging technologies such as
Computed Tomography (CT) provide accurate localization
of cancerous tumors, manual delivery of needle-based inter-
ventions often does not provide the accuracy required for
the procedure. In this regard, special purpose surgical robots
have been developed to perform image-guided percutaneous
procedures. AcuBot from Johns Hopkins University is an
early example of such a robotic system [2]. It consists of
three main parts, including a one-DOF radiolucent needle
driver known as PAKY (Percutancous Access of the Kid-
neY), a two-DOF RCM mechanism that tilts the needle
around two axes, and a passive positioning arm attached to
a 3-DOF X-Y-Z stage that mounts to the scanner bed [3]. In
percutaneous procedures an RCM is not necessary because
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after passing through skin it is not possible to reorient the
needle. However, an RCM would be useful if the needle
was to be inserted through a trocar. Innomotion (Innomedic
Inc., Herxheim, Germany), is another example of a robotic
manipulator that is mounted on the scanner bed. It is used for
prostate biopsy under Magnetic Resonance Imaging (MRI)
guidance [4]. Being attached to the bed provides a stable
platform for the robotic manipulator, but movements of the
patient relative to the bed introduce errors in both image—
robot registration and positioning of the needle [5]. The
concept of mounting a robotic manipulator on the patient’s
body has been proposed to passively compensate for such
motions [6], [7]. Robopsy from MIT is a patient-mounted
robotic manipulator developed for lung biopsy [8]. This
compact robot provides the DOFs required for percutaneous
biopsy, including two tilt angles for needle orientation (pitch
and yaw), selective gripping of the needle, and needle inser-
tion/retraction. Robopsy utilizes a parallel spherical mecha-
nism that improves its rigidity and has several actuators near
the base of the robot. It provides an RCM; however, there is
an 8 mm offset between the provided center of rotation and
the patient’s body.

The robot proposed in this paper is developed to support
different types of needle-based interventions for minimally
invasive cancer diagnosis and treatment. The mechanical
design, along with the use of a trocar to introduce the needle
into the body cavity, makes it possible to directly measure the
interaction forces between the needle and the tissue. It has
a novel parallel RCM mechanism with a simple analytical
kinematic solution. The proposed mechanism provides four
decoupled DOFs and has good manipulability and directional
uniformity within the required workspace. The subcutaneous
location of the RCM is the main advantage of the proposed
robot over the exiting patient-mounted robotic systems. It
helps to minimize the invasiveness of the surgical procedure
while providing the required workspace. The design is com-
pact and lightweight without compromising the structural
stiffness of the system. Having the robot fixed to the patient’s
body reduces errors that may be caused by physiological
motions such as respiration and repositioning of the patient
during the surgical procedure. The rest of this paper is
organized as follows: Section II defines the required spec-
ifications of the robot. Section III explains the details of the
robot design. The kinematics of the mechanism are studied
in Section IV. Finally, Section V presents the evaluation of
the mechanism and Section VI concludes the paper.



II. MECHANISM SPECIFICATIONS

The proposed design is based on consideration of the
requirements for the minimally invasive delivery of needle-
based interventions for lung cancer diagnosis and treatment.
During such interventions, the surgical needle is introduced
into the patient’s body using a trocar, which is the main
difference from percutaneous interventions. The most com-
mon types of needle-based interventions that involve the use
of a trocar include image-guided needle biopsy, Radio Fre-
quency (RF) ablation, microwave ablation and high dose rate
brachytherapy. All of these interventions were investigated
and the surgical procedures were carefully studied through
observation and consultation with thoracic surgeons.

A. Required Degrees of Freedom

Based on our observations, four DOFs were identified to
perform a needle-based intervention with a robotic manipu-
lator: Two rotations (i.e., Pitch and Yaw) about the entry port
into the patient’s body to target the tumor prior to inserting
the needle inside tissue, one translational motion to insert the
needle towards the target after achieving the correct targeting
angles, and the rotation of the needle around its longitudinal
axis (i.e., Roll), which can be used to reduce static insertion
displacement errors [9]. The entry port is determined based
on the location of the tumor and a range of 30 degrees for
the two targeting motions (Pitch and Yaw) was determined
to be sufficient.

B. Remote Center of Motion

During a minimally invasive intervention, the surgical tool
may be introduced into the patient’s body through a trocar. In
this way, it is possible to correct the needle’s orientation prior
to insertion into the target tissue, while during a percutaneous
procedure no orientation correction is possible after passing
through the skin. Thus, having a proper Remote Center of
Motion mechanism is necessary to prevent damage to the
patient’s body by orienting the needle about a fixed point.
Patient-mounted RCM mechanisms suffer from improper
positioning of the RCM [8] due to the fact that it is not
possible to shift the RCM downward to the proper position
by moving the robot downward. However, the ideal position
of the RCM is centered in the wall cavity through which the
surgery is performed to minimize the damage. In the thoracic
cavity, the ideal position of the RCM is between two adjacent
ribs. If there is an offset between the location of the RCM and
the ribs, the available workspace for orienting the surgical
needle while it is inside the thoracic cavity would be limited
by the ribs. Furthermore, the application of excessive forces
to the ribs may result in a lot of pain for the patient after
surgery. The proposed design is capable of moving the RCM
downward up to a certain limit to maintain the compactness
of the design. The RCM is moved 2 cm below skin level to
maintain the required workspace while minimizing the forces
applied to the adjoining ribs during the procedure.

C. Patient-Mounted, Modular Design

Fixing the robot into the patient’s anatomy is a simple and
effective approach to reduce the errors caused by the patient’s
motion relative to the bed. The proposed robot weighs about
1.6 kg and its overall size is 30x30x25 cm. Although, the
robot is compact and lightweight, gaining better structural
stiffness was the first priority. Thus, the RCM mechanism
has a parallel structure that improves the robot’s stiffness and
in turn its targeting accuracy. Additionally, the robot benefits
from a modular design to support different sizes of surgical
needles.

D. Parallel RCM Mechanism

Double parallelogram mechanisms have been widely used
in medical robotics to provide the RCM at the entry port
into the patient’s body [10], [11]. A fixed RCM, a wide
range of motion, high manipulability and a simple analytical
solution for the kinematics are the main features of a
double parallelogram-based RCM. However, having a large
number of linkages is the main drawback associated with
this design. The proposed parallel RCM mechanism has two
main kinematic chains (i.e., legs) that connect the body of
the mechanism to the stationary base of the mechanism. The
main leg of the mechanism provides the RCM in a way
similar to the double parallelogram mechanism while having
a fewer number of rigid linkages. As depicted in Fig. 1, the
main leg has four linkages shown as colored bars and two
motion constraints. The motion constraints (i.e., timing belts
and pulleys) transfer rotation from Link 1 to Link 3 and from
Link 2 to Link 4 to provide the RCM. The ancillary leg is
connected to the main leg as depicted in Fig. 1, and forms
the parallel configuration.
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Fig. 1.

The main leg of the parallel mechanism.

The RCM was moved below the skin surface while
maximizing the available workspace by inclining each of the
mechanism’s legs downward as shown in Fig. 1 and placing
the base of each leg at the appropriate position. There is a
geometric relationship between the incline angle, the relative
position of each leg and the length of Link 2. To move



the RCM downward, it is required to increase the length of
Link 2 while increasing the incline angle. Since the proposed
mechanism is intended to be mounted on the patient’s body
and needs to be compact, the amount that the RCM can be
moved downward is limited.
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Fig. 2. Details of the mechanism and its degrees of freedom.

Fig. 2 introduces the robot DOFs and provides the details
on the actuation methods. Pitch and Yaw are used to tilt
the needle around the RCM to target the tumors based
on medical image guidance. These two DOFs are actuated
using crank—slider mechanisms driven by linear actuators
(i.e., spindle and ball-screw). The combination of the crank—
slider and ball screw provides a considerable mechanical
advantage to provide the torque required to tilt the trocar,
while minimizing the amount of angular backlash in the Pitch
and Yaw DOFs. As can be seen in Fig. 2, the Pitch and Yaw
DOFs rotate the interface tube to perform the targeting tasks
while Roll and Linear insertion are actuated independently
using two actuators located at the top of the mechanism. The
interface tube goes inside the trocar so the robot can orient
the trocar without any interaction between the needle and
trocar. The needle-adaptor contains the needle and is actuated
by the Roll and Linear insertion motors to move through
a hollow force sensor (Nano43 6 DOF force/torque sensor,
ATT Industrial Automation), the body of the mechanism, the
interface tube and the trocar. The force sensor is attached
to the mechanism’s legs from one side while the other side
supports the Roll and Linear insertion actuation system. As
a result, the needle has no interaction with the trocar and
directly interacts with the tissue.

E. Modular Design to Support Different Needle Sizes

Based on our investigations and consultations with radi-
ologists and thoracic surgeons, it was concluded that needle
sizes between 25 GA to 13 GA are typically used for lung
cancer diagnosis and treatment. A simple approach was
chosen to handle different needle sizes. A tubular needle
adaptor (shown in Fig. 3) is designed for each needle size,
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Fig. 3. Needle Adaptor and Linear Insertion Actuation.

with a fixed outside diameter and a hole in the middle sized
for the corresponding needle. Thus, each needle size has its
own simple adaptor, and all of the adaptors have the same
outside diameter. The adaptors are squeezed between two
plastic rollers to provide friction-based linear motion.

ITI. KINEMATIC ANALYSIS

Finding an analytical solution for parallel mechanisms
is often difficult due to the intrinsic complexity of such
mechanisms.

A. Forward Kinematics

There are two kinematic chains (i.e., legs) that connect the
robot’s end effector to its base. In order to find the forward
kinematics of the robot, only one of the legs is considered to
derive the forward kinematics equation. Fig. 4 shows the joint
variables and the coordinate systems attached to the right leg
of the robot. The coordinate systems are chosen based on the
Denavit-Hartenburg (DH) convention for affixing frames to
links, as presented in [12].

Fig. 4. Coordinate frames attached to the right leg of the robot.

Using the coordinate systems and joint variables intro-
duced in Fig. 4, the DH parameters are as shown in Table
I. The parameters 61, 0,, 63 and d represent the Pitch, Yaw,
Roll and linear insertion motions respectively. L and L, are
the lengths of the linkages and P is the distance between



centers of the base coordinate system (Frame 0), which is
located at the RCM, and Frame 1. The angle ¢ provides an
offset distance of L;sin(¢) between the centers of Frame 5
(last joint of the leg) and Frame 6 (surgical tool axis). See
[13] for a detailed explanation of angle ¢ and the offset it
provides.

TABLE I
DENAVIT-HARTENBERG PARAMETERS

i 6; d; a; o1
1 a P 0 —7/2
2 0, 0 0 0
3 6, —1/2 0 0 /2
4 T—6, 0 L; (130 mm) 0
5 6,+¢—1/2 0 L, (120 mm) 0
6 o, 0 | Lisin(9) 0
7 d 0 0 0

The transformation matrix, (7)T, between Frames 0 and
7 (tip of the needle) represents the forward kinematics of
the right leg as a function of joint variables i, 6, 63
and d. The same approach can be used for the left leg of
the robot to derive the forward kinematics. The forward
kinematics for both legs yield the same results since they
share the same end effector and base coordinate frames.
There are two sets of joint variables that can provide the
forward kinematics of the robot, namely: 6;, 6, 63, d and
él, ég, ég, cf, corresponding to each leg of the mechanism.
However, the joint variables that are actuated and in turn
measured must be used to derive the forward kinematics.
Considering the right leg of the robot, it can be realized
that joint variables 63 and d are actuated by the Roll and
linear insertion motors, respectively, and 6, is actuated using
a crank-slider mechanism (see Fig. 2), while 0, is not directly
actuated. There is the same situation for the other leg of the
robot. The parallel configuration makes it possible to actuate
Pitch and Yaw (i.e., 6y, él) at the base of the robot to reduce
the floating inertia. These two DOFs tilt the needle/probe
around the RCM to target the needle. In this regard, it is
required to find 6, as a function of 6; and él and then
the forward kinematics is based on the desired four joint
variables that are actuated (i.e., 6y, él, 63, d). Considering
geometry-based relations between frames attached to the
legs, 6> can be found as:

U V3
Gz(xarctan<v)+2d), (D)

where U and V are functions of 6; and él. The combination
of (7)T and (1) provides the analytical forward kinematics
of the proposed parallel mechanism using the actuated joint
variables. Table II presents the specified range of motion at
each degree of freedom.

B. Inverse Kinematics

Given the desired position of the robot’s end effector in
the base coordinate system, [XYZ]”, the inverse kinematics
is derived as shown in (2):

TABLE I
RANGE OF MOTION AT EACH DEGREE OF FREEDOM

DOF Range of Motion
Pitch (6;) +22.5°
Yaw (6;) +22.5°
Insertion (d) | 20 cm below the RCM
Roll (63) 0°-180°

=VX2+Y2+2Z24Licos(¢)
91 =arctan(V(3),V(2)sin(a) —
6; = arctan(—V(2),V(3)sin(a) —

_ x -

VX2 4+Y24272
_r
VX2 4Y2422
_z
VX2 4+Y2 4272

C. Jacobian and Kinematic Performance

V(1)cos(a))
V(l)cos(a)) (2)

where V =

For each leg of the robot, a Jacobian matrix (J) can
be derived that provides a linear transformation from joint
velocities (O) to the Cartesian velocities of the end effector
(v) expressed in any frame, as shown in (3) and (4):

~ [in g 0] T6
Ty ="J(0)O=|ju jn Of: 6,
0 0 1 d

det("J(®)) = —sin(6, + ¢)(d — Ly cos(¢))? (3)
i w2 0] [6
Twr =" J,(0)- O = |jua1 juw Of- 6>
Jwi 0 1 6;

det("J,,(®)) = —sin(6, + ¢) 4)

7y7 and "wy represent the absolute translational and rotational

velocities of the end effector (i.e., needle’s tip) expressed in
the end-effector frame for the right leg. The same Jacobians
can be found for the left leg. None of the Jacobians’
singularities lie inside the workspace (as defined in Table
1D).

The Jacobian matrix can be used to analyse a mechanism’s
kinematic performance. Several measurements have been
suggested to quantify the kinematic performance including
the mechanism’s isotropy [14]. However, for the proposed
parallel mechanism, which is a combination of the two legs,
there is not a linear mapping between the actuated DOFs
(i.e., Oy, él, 03, d) and the end effector’s velocities in
Cartesian space, so a Jacobian matrix cannot be developed.
In order to address this issue, the forward kinematics of the
robot can be used to check the performance of the whole
parallel mechanism. In this regard, at each point within



the robot’s workspace, the joint variables can be changed
by some small value to study the overall effect on the
position of the end effector within Cartesian space. Pitch,
Yaw and linear insertion (i.e., 0y, él and d) are the three
DOFs that determine the position of the end effector within
Cartesian space. The Pitch and Yaw are the two important
DOFs for targeting tumors, while the linear insertion is done
independently after targeting is finalized and Pitch and Yaw
are locked. Thus, uniformity in the Pitch and Yaw DOFs is of
primary importance for the proposed parallel mechanism and
needs to be studied. The Pitch and Yaw degrees of freedom
correspond to end-effector motions along the Z and Y axes of
the base frame as shown in Fig. 4. Thus, at each point within
the robot’s workspace, the joint variables corresponding to
the Pitch and Yaw motions (6;, 6;) may be changed by the
same small value (i.e., 6; =0, él =+ o) and the corresponding
movements along Z and Y direction may be compared to
find the ratio between them. Fig. 5 depicts the ratio variation
within the workspace.
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Fig. 5. Directional uniformity within the robot’s workspace.

As shown in Fig. 5, the motion ratio varies between 0.4
and 2.6. The best condition at any insertion depth within the
workspace occurs at the center of the workspace (6; = 0,
é1 = 0), where the ratio is 1, which means a completely
isotropic condition. It can also be realized that around the
center of the workspace, the Pitch and Yaw degrees of
freedom are completely decoupled.

IV. EXPERIMENTAL EVALUATIONS OF THE PROTOTYPE

In order to effectively evaluate the robot’s performance and
assess its capabilities a series of experiments was conducted.

A. Workspace Evaluation

The proposed robot is capable of supporting a larger
workspace as it provides a total range of 45° (+22.5°) for the
two targeting degrees of freedom (i.e., the Pitch and Yaw).

The Insertion motion is actuated using two plastic rollers
as was explained previously. Thus, the range of motion for
the Insertion of the needle is not limited and only depends
on the length of the needle adaptor. On the other hand, the
roll motion has a range of motion of more than 180° which
satisfies the requirements for the targeted applications.

B. RCM Assessment

In order to assess the RCM of the robot, the tip of the
needle was placed at the RCM, while the needle was moved

within the range of its workspace by applying sinusoidal
motions to the Pitch and Yaw DOFs and its motion was
tracked by an optical tracking system (Claron Technology
Inc.), Fig. 6. The standard deviations of the RCM position
along the X, Y and Z axes of the camera are 0.17 mm,
0.31 mm and 0.19 mm respectively. Thus, the mechanism is
capable of providing a proper fixed centre of rotation for the
surgical needle while it is inserted into the patient’s body.

Fig. 6. Tracking the tip of the needle using an optical tracking system.

C. Path Planning

Tracking a predefined path with the tip of the needle was
performed to evaluate the targeting capabilities of the robot.
A circular path with a diameter of 20 mm was generated 100
mm beneath the RCM, parallel to the YZ plane of the base
coordinate frame. Again, the tip of the needle was tracked
by the stereo camera to assess the accuracy of the robot
in tracking the desired path. Fig. 7 shows the desired and
generated circular path. The maximum deviation from the
desired circular path is 1 mm.
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Fig. 7. The generated circular path and desired one in robot’s base
coordinate frame.

The path generation was performed using the analytical
model of the robot and considering the calibrated lengths of
the linkages. In other words, it was an open-loop position
control without any feedback from the actual position of
the end effector (i.e., tip of the needle). Thus, the tracking
accuracy is affected by calibration error (accounting for
kinematics and mechanical errors), and optical tracking error.



D. Force Measurements

Fig. 8 shows an experimental setup developed to measure
the interaction forces between a surgical needle and an
animal tissue sample (chicken breast). As can be seen in Fig.
8, the robot is attached to a human thoracic cavity model and
the surgical needle is inserted into the cavity through a small
trocar (standard 5 mm trcar). The needle was inserted 5 cm
into the tissue and then retracted at a speed of 14 mm/sec.
Fig. 9 shows the insertion force applied to the needle during
the experiment, as recorded by the force sensor.

Surgical
Needle

Tissue Sample

Fig. 8. Needle insertion into animal tissue using the proposed patient-
mounted robot.
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Fig. 9. Insertion force applied to the surgical needle.

V. CONCLUSIONS

A novel parallel RCM mechanism has been introduced
for lung cancer diagnosis and treatment. It supports different
types of needle-based interventions including biopsy, abla-
tion and high-dose-rate brachytherapy. The proposed design
is based on consideration of the challenges associated with
patient-mounted robots and aims to address some of these
by carefully considering the mechanical design. The RCM
was moved downward to maintain the required workspace
while minimizing the forces acting on the patient’s body. The
parallel design improves structural stiffness and also places
actuators on the stationary base of the robot to decrease
the floating inertia. There is a simple analytical solution
for the kinematics of the proposed parallel mechanism and
it has been shown that the end effector motion is well-
conditioned within the required workspace. Although the
proposed robot is lightweight, its weight is intended to
be passively supported by a holder mechanism that uses
constant-force springs while it is fixed to the patient’s
anatomy. Thus, physiological motions, and repositioning
do not cause errors in positioning and registration. The
prototype of the proposed robot has been evaluated through

a series of experiments. Although the open-loop control of
the robot provides the required targeting accuracy for the
intended applications, further improvements are expected by
integrating image guidance and using a master—slave control
method. In this regard, the interventionist can control the
orientation and position of the surgical needle remotely based
on medical images (i.e., intra-operative ultrasound or CT).
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