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Abstract
This paper undertakes the modular design and development of a minimally invasive surgical
manipulator for MRI-guided transperineal prostate interventions. Severe constraints for the MRI-
compatibility to hold the minimum artifact on the image quality and dimensions restraint of the
bore scanner shadow the design procedure. Regarding the constructive design, the manipulator
kinematics has been optimized and the effective analytical needle workspace is developed and
followed by proposing the workflow for the manual needle insertion. A study of the finite element
analysis is established and utilized to improve the mechanism weaknesses under some inevitable
external forces to ensure the minimum structure deformation. The procedure for attaching a sterile
plastic drape on the robot manipulator is discussed. The introduced robotic manipulator herein is
aimed for the clinically prostate biopsy and brachytherapy applications.
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I. Introduction
According to the American Cancer Society prostate cancer is placed second in rank among
the cancer categories with high incidence in the United States. In 2012 about 241,740 new
cases will be diagnosed and 28,170 men will die from this disease [1]. One of the typical
diagnostic approaches for the prostate cancer is the manual transperineal prostate biopsy [2,
3]. If the result is positive, many patients choose brachytherapy as minimally invasive
treatment. These procedures, biopsy and brachytherapy, require prostate percutaneous
interventions manually performed under ultrasound imaging. A better alternative to
ultrasound is the magnetic resonance imaging (MRI). Since the MRI provides high levels of
contrast resolution and owns the feasibility to image in any plane, it can be widely used in
the surgical interventions. Manually executed percutaneous interventions have lack of
precision and repeatability. One promising approach for solving these deficiencies is the
robot assisted MRI-guided prostate percutaneous interventions.

For those designed mechanisms to be applicable in the MRI environment and not interfere
with the imaging quality of the MRI scanner, all robot components are required to be
constructed with the nonmagnetic and dielectric materials. This could significantly influence
dimension and stiffness of the system when compared with the metal materials, and hence,
this demands much attention in the design process. There are numerous robotic systems
developed to accurately place the needle inside the prostate gland in two different fashions:
manually [4, 5] and automatically [6, 7, and 10].

A comprehensive review of the MRI-compatible robotic/mechatronics systems is studied in
[8]. In [9] an overview of the minimally invasive robotic surgery is carried out and its
historical developments are studied. A fully automated robot for the transperineal prostate
interventions and fully MR imaging compatible is introduced in [10]. The corresponding
robot is sought to be performed for the fully automated brachytherapy seed placement under
a closed MR scanner.

Due to the restriction of the MRI-compatibility, there are few choices for the actuators
which can be mainly categorized as piezoelectric and pneumatic motors. Pneumatic
actuators have a great compatibility with the MRI environment since ferrous material or
electric component is not required. Fischer et al. have developed a pneumatically computer-
integrated robotic mechanism with 6 degrees-of-freedom (DOF) for the transperineal
prostate needle placement in the closed-bore MRI scanner [11]. A new 4-DOF needle
guided robotic system is designed for the prostate biopsy and brachytherapy planning [12].
There is a limited workspace in the designed robot in which a simple external damping
mechanism implementing a timing belt is considered to overcome this problem and the new
workspace is optimized. For evaluating the pneumatically actuated robotic system, some
experiments are conducted on a prostate phantom and patient mock-up procedures. Some
noticeable position errors were observed mainly because of the inaccurate control gain,
registration value and needle bending that need the robot to be mechanically calibrated and
precisely registered inside the scanner [13].

A robotic assistance for the MRI-guided cryotherapy is developed to help radiologist for
precisely place the needle during the insertion. This is an alternative approach between the
fully automated and manual insertion to insert multiple needles [14]. Design and kinematics
of a 5-DOF hybrid-driven MRI-compatible robot is presented in [15] in which the system
consists of the pitch/lift module, the yaw/horizontal module, and the insertion module which
are linked by the parallel and serial mechanisms. The corresponding robot workspace is
large enough but the size of the robot needs to be optimized and reduced. Su et al. have
conceptually designed a 4-DOF Cartesian MRI-guidance surgical manipulator which is
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developed for the prostate brachytherapy and neurosurgery applications. This robot takes
advantage of a parallel mechanism and is compact enough to be implemented with the
closed-bore MRI scanner [16].

In this paper, we present a 4-DOF surgical manipulator specifically aimed for the clinically
prostate biopsy and brachytherapy interventions. This system comprises of two coupled
front and rear planar trapezoid-shape linkages which replaced the triangle-shape stages
considered in earlier models [12, 13]. This modular design can convert the lateral
displacement into the vertical motion while the robot placement error for the needle is
expected to be less than 0.5 mm in air. Specifying the constrains governing on the system
such as the required workspace, low friction, high stiffness, robust dynamic and
maneuverability, and by accounting for the kinematics optimization, the optimum
dimensions of the front and rear stages are determined through a trial and error procedure. In
the first prototype of the robot design scheme, the needle driver support is placed on top of
the robot for the manual needle placement while the automatic needle positioning is planned
as the next stage of this work. This manipulator is designed in such a way to span a region
noticeably larger than the prostate size, which this facilitates the system to be eventually
practical in the clinical procedures. For this purpose, the kinematics derivation and
workspace analysis are established. It is essential to ensure the stiffness of the mechanical
structure since any small structural deformation can propagate into the whole system and
bring significant amount of errors into the needle tip displacement. Therefore, a finite
element analysis is carried out and the weak points of the structure are modified and
strengthened. Unlike the pneumatically actuated robotic system, the current system is
planned to benefit from the piezoelectric actuators which in terms of the design concern, this
can considerably reduce the overall size of the robot. Finally, the sterilization and workflow
procedures are carefully elaborated to make this system clinically applicable.

II. Surgical Manipulator Development for Needle Placement
A. Mechanical Design and Requirements

The objective of this robotic manipulator is in-vivo manually guiding the 18G needle into
the human prostate tissue inside the closed-bore MAGNETOM Verio 3T MRI scanner made
by the Siemens® Co. with the anticipated error less than 0.5 mm in air.

Based on different human anatomical data, the average size of the prostate gland diameter is
about 50 mm. Because of the patient body variability we have decided to cover a circle with
70 mm diameter. With the patient in the supine position and legs in the semi-lithotomy
configuration, based on our previous experiments, the prostate center is located around 130
mm from the patient bed, for median size patients (http://msis.jsc.nasa.gov/sections/
section03.htm). For bigger size patients the gland center could be at around 160–165 mm
from the patient bed. In order to account for the gland vertical position variability we
decided to cover an oval-shaped workspace with the extreme potions in the vertical direction
95 mm and 200 mm, respectively (Fig. 1).

Due to the restriction of the scanner bore dimension with 70 cm diameter, we are only
allowed to move about 70 mm (±35 mm) in the lateral positions. Accounting for the above
mentioned considerations, the robot manipulator consists of three major parts: front
trapezoid stage, rear trapezoid stage, and needle driver support. The novel concept of using
two front and rear trapezoid stages makes the robot suitable for the angulated needle
placement with the range of 35 mm in the lateral motion. In addition, the distance between
the front and rear stages can orientate the needle 10° in the horizontal plane. Preserving the
same concept, maximum 10° angulation can be produced in the vertical plane. However, in
the workspace boundary there is only 10° angulation toward the inside and there is no need
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to orientate the needle outside the workspace. By taking friction into account, each trapezoid
stage is desired to move in the range of 25° ≤ θ ≤ 75°. It makes the structure more difficult
to move when going below 25° while being over 75° may result in an unstable stage under
some lateral forces. Figure 2 shows the front trapezoid stage and Fig. 3 depicts the 3D CAD
model of the patient suite with the proposed manipulator and needle driver module.

In the previous model of the robot [12, 13], the needle axis was defined by two spherical
joints (front and rear) connected through one rigid bar. This way was possible to control the
needle (and bar) orientation without controlling its rotation around the needle axis. In the
current parallel mechanism two U-shape frames and four parallelogram mechanisms are
employed for eliminating this issue. The front and rear stages (each one consisting of a U-
shape frame and two parallelogram mechanisms) are mounted on two customized lead screw
tables. The front U-shape frame has two ball and socket joints connected through two rigid
bars with two spherical joints attached into the rear U-shape frame. The needle driver
support is connected to the rigid bars by two sets of spherical joints. In such arrangement the
needle axis is parallel and always between the connecting bars. Moving the front stage
relatively to the rear one it is possible to control the needle (and bars) orientation. Needle
axial rotation is controlled by rotating the needle relatively to the plane defined by the two
connecting bars axes.

B. Kinematics Derivation
Each front and rear trapezoid stage in the vertical plane has 2-DOF and their combination
generates a 4-DOF mechanism of which could be used for the needle orientation in the X-Y
and X-Z planes (Figs. 4 and 5). In Fig. 4 the equivalent kinematic diagram of the 4-DOF
robot manipulator is shown. The front and rear stages have similar kinematics arrangement
and their coordinate systems are assigned such that they are in accordance with the
coordinate system in the MRI scanner for registration.

Figure 5 illustartes the XYZ coordiante system assigned on the robot manipulator. In Fig. 6
the kinematics parameters of the front and rear trapezoid stages are displayed. Notations 0 <
x1f, x1r ∈ ℜ1 <200 and −200 < x2f, x2r ∈ ℜ1 < 0 are the positions of the carriages, and
subscripts “f”, “r” implying the front and rear states, respectively. The front and rear stages
are responsible for creating the position and orientation of the needle driver support. This
motion can be a pure translation, rotation or a combination of these two types of motion.
The position of point “N” (Fig. 6) can be expressed as:

(1)

where  denote the coordinates of point “N” along the needle direction traveling
through the front U-shape frame.

In Eq. (1), h1 denotes the distance between the center of the rotation joint of the carriage and
the x axis and h2 is the distance between the needle axis and center of the lower hole of the
U-shape frame; b is the horizontal distance between the center of the left and right holes of
the U-shape frame, a1 is the length of the middle/side bar, and subscript i denotes the front
and rear stages.

In order to achieve the desired workspace, it is essential that the needle can cover a wider
area than the prostate gland size. In order to have an agreeable coverage in the vertical
direction, the link bars need to be long enough but since the scanner bore size is confined
(70 cm diameter), this dictates some restrictions on the kinematics design. Therefore, a
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kinematics optimization approach is established to find the optimum values of the
parameters. In the constructed robot manipulator, the corresponding parameters are
determined as: a1 = 124 mm; b = 84 mm; h1 = 50.2 mm; h2 = 5 mm. In addition, the
distance between the front stage and the fiducial marker frame is 120 mm and the distance
between the front and rear stages is chosen as 220 mm.

For the angulation of the needle driver support, there is a point of rotation which is called
point “P” and two angles can be defined as: α, β (Figs. 5 and 7) to be obtained in the
following manner:

(2)

where d is the distance between the front and rear stages.

C. Robot Analytical Workspace
Due to the restriction of the robot size operating in the MRI scanner, it is challenging to
explore a way for approaching the desired workspace introduced in Fig. 1. To this end, we
have designed the needle driver in such a way the surgeon can insert the needle in two
different positions being 35 mm off each other in the vertical direction. In this case,
depending on the size of the patient body or the position of the prostate in the perineum, the
surgeon may decide in which position he/she can manually drive the needle.

Figure 8 displays the analytical workspace of the robot manipulator in which the home
position is defined at 130 mm. The red circles outline the prostate boundary (depending on
the position of the patient’s prostate) while by shifting the needle 35 mm up, a larger
workspace is accessible.

III. Finite Element Analysis and Structure Stiffness Assurance
For a robot manipulator to be clinically approved and applied for in-vivo operations there
are numerous factors which need to be investigated, determined and modified, if required.
The most important aspect is to ensure that the designed mechanism has the highest
precision for the needle insertion task. In order to warrant this, it is required that the
mechanism preserves its stiffness in a satisfactory form against some various applied forces
and torques exerting on that. To this end, determining the weak points of the designed
mechanism where more stress concentration are present, has helped us to improve those
points and reinforce the structure which consequently could result in less deflection. We
have used the finite element analysis (FEA) for the stress study of the mechanism and Figs.
9 and 10 correspond to the FEA results for the needle driver support and the front trapezoid
stage. It is observed that after modifying the needle driver support, the maximum deflection
at the tip under 1 N (the maximum force to bend 18G biopsy needle at 45°) vertical force is
about 0.11 mm resembling the force exerted by the surgeon by pushing and holding down
the needle of the biopsy gun (for manual insertion). For the automatic insertion, it is crucial
to consider the effects of the reaction of the needle while inserting into the tissue as well as
the rod bars linking the front and rear stages. Therefore, in the similar way, the maximum
deflections of the front stage (mostly similar to the rear one) are obtained about 0.1 mm
under the 50 N frontal force and 0.18 mm under the 30 N lateral force.

On the other hand, by taking into account that the needle driver support is placed on top of
the trapezoid stage, the same force plus additional forces are applied on the stage mainly
arising from the plastic drape, contact of the surgeon’s hand, etc. For this reason, we
considered 50 N vertical force applied on the front trapezoid stage and the maximum
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deflection observed is about 0.19 mm. All simulations results are executed with the Ultem™

1000 for the plastic parts and brass alloy 385 for the rods and screws.

This study can assure us by having the kinematically optimized structure which can fit
inside the 3T MRI scanner and ergonomic shape to be compatible with the patient anatomy
and surgeon’s convenience, there would be the minimum deformation for the mechanism
and maximum precision for the needle insertion procedure. It is essential to comprehend that
any structural deformation can propagate in the needle tip position that must be accounted
for from the beginning.

IV. Robot Sterilization and Clinical Workflow
In the robot manipulator design procedure, we have considered capabilities to be fully
sterilizable and ready for the clinical operations. The current prototype is comprised of two
main parts: sterilizable and non-sterilizable components. As seen in Fig. 11, the main part of
the robot is non-sterilizable and needs be covered and enfolded by a sterile plastic drape. In
the manual driven process, in order to ease the insertion procedure of the needle (biopsy
gun) into the needle driver support by the surgeon, we have intentionally designed the
needle driver support in two major parts: sterilizable (frontal) and non-sterilizable (main)
parts which are covered under the sterilized plastic drape. Since the needle driver support is
made of different bodies, we investigated the effect of its discontinuity by implementing the
FE analysis as depicted in Fig. 9. This can ensure there is the minimum deflection by
applying the vertical force in which our initial design was modified according to this fact.
After enclosing the robot, power transmission system, and the piezomotors by the plastic
drape, the frontal part of the needle driver support can be guided and mounted into the main
part of the needle driver support by two sets of screws (with a sterile screwdriver)
considered for this reason based on the workflow as shown in Fig. 11.

Once the plastic drape is placed on the robot, the sterilized support (Fig. 11) can be guided
by another two sets of screws to fix the plastic drape securely to the robot at the rear side.
After this stage and placing the patient in the scanner bore in the supine position, we put the
robot manipulator on the patient bed next to the patient perineum and fiducial marker frame
(Fig. 7). This process is followed by performing the MR scanning for needle targeting
confirmation. The final stage is inserting the biopsy gun into two different holes on the
frontal part of the needle driver support depending on the place of the prostate which is
determined by the surgeon.

V. Current Implementation of the Surgical Manipulator
The initial design module of the robot manipulator is aimed for the manual needle insertion
but also for the automatic insertion which will be achieved in the next stage of this project.
Furthermore, the current modular design has the capability to be applied in the
brachytherapy planning as well as the biopsy percutaneous interventions. In Fig. 12, the
current implementation of the embodied robot manipulator for the prostate biopsy
intervention is illustrated. Actuation mechanism for this 4-DOF manipulator is planned to be
supported by 4 piezomotors (MRI-compatible) of which a representative view of only one
motor and its location along with the power transmission system is shown in Fig. 12(a).
Owing to this fact, the overall length of the robot is relatively reduced in comparison with
the pneumatic versions of the robot manipulator [12, 13, and 17].

Clinical workflow and sterilization considerations are some of those essential stages which
must be investigated in the design outline of the system. As explained earlier in Fig. 11, as
the first step, the robot manipulator is completely enclosed with a sterile plastic drape as
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depicted in Fig. 12 (b). The sterilized frontal section of the needle driver must then be
attached to the main needle driver support by using two sets of the sterile plastic screws.

Figure 13 demonstrates the position of the robot manipulator with respect to a volunteer’s
perineum. In the current view, the robot is in the home position with respect to the patient’s
prostate, while the patient is placed in the supine position. In the experimental evaluation of
the system, the overall dimension of the robot has been examined resulting in a suitable
ergonomic compatibility with the patient body and the proper accessibility of the biopsy
gun. Under such circumstances, the surgeon is able to facilitate the needle insertion
procedure more conveniently.

The preliminary evaluation of the robot signal-to-noise ratio (SNR) was done inside a 3T
MRI scanner (MAGNETOM Verio, Siemens® Co). Figure 14 (a) shows the SNR
experiment setup. The amount of the SNR degradation is a measure to identify the effects of
robot presence on the image quality. The mean value of the SNR degradation normalized by
the baseline is obtained as 6.37% for the case of with and without presence of the robot
inside the scanner, for T2-weight Turbo Spin Echo sequences (Fig. 14 (b)).

VI. Conclusion
In this paper, an MRI-compatible surgical manipulator for the minimally invasive prostate
percutaneous intervention was designed and developed. This 4-DOF robot was built of two
front and rear parallel trapezoid stages possessing each 2-DOF to create the necessary
translational and rotational motions for the needle driver support which was mounted on it.
The needle driver support was arranged to link the front and rear stages with two sets of
axial ball and socket joints and two sets of spherical joints. Due to the scanner geometry
restrictions the robot manipulator’s constructive design was optimized and the optimum
kinematics parameters were obtained. The workspace of the needle mounted on the robot
manipulator was able to span a large area of the perineum to ensure the prostate gland is
always accessible by the surgeon. In order to ensure the stiffness of the structure for the
needle and automatic needle insertion (as the future feature), the finite element analysis was
executed under some different conditions and the corresponding design was improved at the
weak points. Another aspect of the constructive design was implementing some
arrangements for the sterilization procedure. In this consideration, the frontal part of the
needle driver support could be connected to the main part of the needle driver with
minimum effort and time such that this procedure was expected to be repeatable for
numerous clinical operations. The current developed surgical manipulator is mainly planned
to be clinically implemented in MRI-guided prostate interventions.
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Figure 1.
Desired worksapce for the needle positioning.
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Figure 2.
Parallel and planar front trapezoid stage (and mostly similar to the rear one) with the
extreme and home positions.
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Figure 3.
3D CAD model of the patient suite with 4-DOF manipulator and integrated needle driver
support.
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Figure 4.
Equivalent kinematic diagram of the robot manipulator with 4-DOF.
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Figure 5.
Defined XYZ coordinate system for the parallel surgical manipulator.
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Figure 6.
Front and rear trapezoid mechanisms with the relevant coordinate systems and
corresponding kinematic parameters.
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Figure 7.
Side view of the robot manipulator, position of the rotation point “P” for the needle driver
support.
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Figure 8.
Analytical workspace of the front and reas stages. Red circle implies the prostate gland for
two different needle positions with 35 mm offset.
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Figure 9.
FEA of the needle driver support under the normal force at the tip result in 0.11 mm
deflection.
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Figure 10.
Front trapezoid stage under various loads: 1) vertical force (50 N), max. deflection about
0.19 mm (top); 2) frontal force (50 N), max. deflection about 0.1 mm (middle); and 3)
lateral force (30 N), max. deflection about 0.18 mm (bottom).
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Figure 11.
Procedure of the needle driver support installation after attaching the sterile plastic drape on
the robot.
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Figure 12.
Robot manipulator embodiment (a), sterile plastic drape on the robot (b).
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Figure 13.
Evaluation of the robot manipulator implementation on a volunteer for transperineal prostate
intervention.
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Figure 14.
MRI SNR preliminary evaluation: experimental setup (a), example of T2 phantom image for
the SNR test (b) – image size 320×320, image center 160, 160, region of interest size 30×30.
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