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Abstract— A novel MR-compatible manually-actuated
robotic manipulation device has been developed. It is a
general-purpose system that provides access to the patient
inside a closed—cylindrical MRI scanner. It allows the
performance of various minimally—invasive interventions, such
as biopsies and local drug deliveries, using real-time images for
guidance and monitoring. The design of the system is described
and the prototype constructed is presented together with initial
MRI phantom testing on needle targeting. The characteristics
and potential of manual actuation in MR-compatible robotic
systems are examined.

I. INTRODUCTION

Image—guided interventions have been a most important
development in interventional medicine. By exploiting ra-
diological images various diagnostic and therapeutic in-
terventions are currently performed more effectively in a
minimally—invasive fashion using image guidance. Image—
guided interventions include biopsies [1], local drug deliver-
ies [2], aspirations, implantation of radioactive brachytherapy
seeds [3], ablations (e.g., thermal ablation, cryoablation) [4],
etc. Various imaging modalities are currently used for such
interventions including X-rays, computed tomography (CT)
and ultrasound. Magnetic resonance imaging (MRI) is also
being used for interventional purposes but to a relatively
lesser extent. Despite its favorable imaging capabilities two
major reasons have prevented its widespread use. First,
the existence of strong permanent and rapidly switching
magnetic fields, needed for the MR image generation, im-
poses strict limitations on the type of interventional tools
to be used, which in general have to be non—magnetic
and non—conductive. Second, the free space inside the MR
scanner is limited, thus complicating patient accessibility.
Consequently, most of the MR—guided procedures are cur-
rently carried out inside open—type scanners (e.g., C—type or
double—donut) which allow sufficient access to the patient.
These scanners operate at relatively low magnetic fields
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(0.1-1 Tesla) easing restrictions on used instruments at the
cost, however, of magnetic field homogeneity and quality
of acquired imaging information in general. Various MR-
guided interventions are also carried out stereotactically
based on preoperative images as for example in various
neurosurgical procedures. In general, stereotactic approaches
are prone to errors due to potentially inaccurate registration,
blindness to needle deflections, not consideration of tissue
displacements and deformations during needle penetration,
positioning errors on behalf of the tool positioning devices
and inadequate patient immobilization.

Performing interventions using intraprocedural MR infor-
mation is a highly advantageous option and the involvement
of robotic assistance has been proposed for providing the
required access to the patient inside cylindrical, closed—type
scanners [5]. Such scanners have high static magnetic fields
(1.5 and 3.0 Tesla) resulting in superior imaging capabil-
ities, compared to the open—type imagers, and are widely
available. The development of appropriate robotic systems
entails numerous engineering challenges originating from the
limited space inside the scanner as well as the magnetic
nature of the modality. Similar to any object exposed to the
MR environment, robotic systems are required to be MR—
compatible, i.e., they have to be safe for the patient and other
individuals and also not to significantly alter the quality of
the imaging information [6]. Various robotic systems have
been developed for realizing the necessary access to the
patient, e.g., [7], [8], [9], [10].

The present work describes the prototype design and
development of a novel general-purpose MR-compatible
manipulation system. The system is manually actuated and
provides the required access to the patient inside a closed—
type cylindrical MR scanner in order to perform an inter-
vention under real-time imaging. The characteristics and
potential of manual actuation are examined within a general
MR-compatible robotics framework.

II. SYSTEM DESIGN

The system was designed to provide access to the patient
with the end—effector positioned near the isocenter inside
the bore of a closed-type, cylindrical MR scanner. How-
ever, given the higher magnetic fields involved the MR-
compatibility requirements become more stringent when
compared to open scanners. A discussion regarding the
existing MR scanner types and their suitability for image—
guided interventions is provided in [11].



Fig. 1. Simulation tool employed as part of the design process for an
initial selection of the kinematic structure as well as the dimensions of the
robotic manipulation system. A digital model of a human subject is shown
inside the scanner gantry together with a line representation of the arm at
a selected input position.

A. MR-Compatibility Design Requirements

In general, MR—compatibility of an interventional robotic
system refers to each individual component of the sys-
tem: materials, actuation, sensing. With a manually—actuated
system, as the one considered here, there is no need for
specialized actuators or sensors to provide feedback control
information [12]. Therefore, the design attention focuses
on the selection of suitable materials which in general
are required to be nonmagnetic and nonconductive (e.g.,
plastic, fiberglass, wood, ceramics). Ferromagnetic materials
are subject to strong magnetic forces as well as torques
attempting to orient the object inside the field. This may
result to static deflections (e.g., bending of a needle) or
convert an object into a potentially hazardous projectile.
Moreover, ferromagnetic materials create susceptibility arti-
facts which downgrade image quality. Conductive materials
are also inappropriate for MR—compatible systems because
when exposed to the scanner’s switching magnetic field
gradients and RF pulses eddy currents may be generated.
Induced currents locally alter the homogeneity of the main
magnetic field resulting to severe image artifacts. Moreover,
induced currents may produce unwanted heating.

Apart from the design limitations originating from the
magnetic nature of the scanning environment, “geometric
MR compatibility” dictates that robotic systems are compact
in shape, yet sufficiently dexterous and structurally stiff in
order to meet the requirements of clinical applications. The
strict space limitations related to the scanner geometry need
to be taken into account and as part of the system design
extensive space analyses were carried out. For this purpose
volunteer images were systematically processed in order to
quantify the available space inside the scanner [13]. For
the initial selection of an appropriate kinematic structure
and the dimensions of the manipulation system (e.g., end—
effector height) simulation studies were performed. For this
purpose digital models of human subjects were constructed
and combined with representations of the arm, which can be
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Fig. 2. A CAD model of the manipulation system depicting the available
motions. The corresponding joint variables are represented as 6; for the
rotational joints and d; for the translational ones. In the lower right corner
is shown the manual hand-held needle actuation unit.

manipulated inside the scanner gantry. The arm’s position
is calculated by the forward kinematics solution and the
graphics representation is updated for the current input set
of joint variables. One example is shown in Figure 1.

B. Kinematics and Physical Structure

The system developed consists of an arc—shaped support-
ing structure onto which the arm is attached. The main arm
component extends inside the gantry to reach the patient.
On one side of the arm is the control handle and at the
opposite side is the application—specific end—effector. A solid
model representing the design is shown in Figure 2, also
depicting the available motions. The system is endowed with
a totality of five degrees—of—freedom, which in general they
suffice for the positioning of an axisymmetric tool (e.g.,
a biopsy needle) at an arbitrary position and orientation
within the manipulator’s workspace. The corresponding joint
variables are represented as 6; for the rotational joints
(rotation angles) and as d; for the translational joints (linear
displacements). Using rotation ¢; the overall positioning of
the arm is adjusted on the arch providing a periphery access
to the patient. Rotations 65 and 6, are used for adjusting
the orientation of the end—effector. Linear displacement d3
is used for the end—effector position adjustment along the
length of the gantry and the displacement ds corresponds
to a telescopic motion for nearing the patient’s body surface
prior to the commencement of a needle insertion. The needle
insertion/removal is an additional independently controlled
motion (dg) associated with the end—effector.

The link lengths and the maximum travel for each individ-
ual joint define the extents of the manipulator’s workspace
and were selected based on the requirements for patient
accessibility. The overall length of the arm in particular was
selected so that the end—effector can operate at the vicinity
of the scanner’s isocenter. In that area the main magnetic
field is more homogeneous and imaged anatomy distortions
are avoided. Also, in that area the scanner’s effective field—
of—view assumes its largest size [13].

The arc—shaped base structure on which the system is
mounted is an inherently strong and sufficiently rigid struc-
tural element. This specific element has also been used



Fig. 3. As part of the design process a limited—functionality mockup of
the system was constructed prior to building the actual prototype system.
The mockup helped evaluate the design.

with the commercial MR—compatible system Innomotion [8],
[14] where a robotic arm can be attached to an arch base
at a number of distinct locations. In the current design,
however, the arch not only serves as a mounting structure
but also hosts a bearing along which the rest of the arm
can slide and is related to one of the available motions
(corresponding to A in Figure 2). The arm’s position on the
arch can be locked using a brakes system. Another similar
mounting arrangement was used with AcuBot, a robotic
system suitable for CT-based procedures [15]. In that case
the robotic manipulation system is attached on a bridge-like
structure that mounts on the scanner’s table.

Prior to building the actual prototype system and as an
intermediate step between solid modeling and prototype re-
alization a limited—functionality MR—compatible mockup of
the system was constructed, as shown in Figure 3. Wood and
plastic materials were used for its construction. Its value has
been indispensable in verifying the adequacy of the kinemat-
ics structure and the dimensions of the manipulation system
with regard to the required patient accessibility and the
“geometric MR—compatibility” of the device [13]. Following
the assessment of the mockup system some dimensional
adjustments were decided and the design was finalized.

C. End-Effector

The distal end of the manipulator’s arm features an at-
tachment plate onto which interchangeable end—effectors can
be installed. For the purposes of this study, an end—effector
suitable for needle targeting applications was constructed
and attached to the tip of the arm. It can hold a general-
purpose needle (e.g., for the injection of drugs or fine needle
aspiration biopsies). The needle grip is attached to a slider
block which moves along a guide on the end—effector to
realize a needle insertion/removal.

Needle motion is manually controlled from outside the
gantry via a hand-held actuation unit, included in Figure 2
and Figure 4a. The actuation unit is separate from the
manipulator and includes a turning handle (crank) which
rotates a drum inside the enclosure. Around the drum is
wrapped a string, so that when the drum is rotated string
is drawn in from one side of the drum and equal length of
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Fig. 4. (a) The prototype manipulation system installed on the MR scanner.
The arm is attached to a an arch structure which directly mounts onto
the patient’s table. The arm is deployed inside the scanner to provide
the required access to the patient. At the proximal end of the arm is the
control handle and at the distal end is the end—effector. The needle insertion
is controlled with a manual device shown resting on the patient’s table
top. (b) Demonstration of the interventional concept with a human subject
accommodated on the patient’s table and the manipulation system installed.

string is released from the other side. The two strings travel
inside tubes to the end—effector forming a closed—loop with
the needle holder (slider block). The actuation mechanism
also includes a spring—loaded tension system that ensures
that the strings remain stretched. The tubes inside which the
strings travel are loaded in compression and are required to
have adequate axial stiffness.

III. PHYSICAL PROTOTYPE

For the prototype realization a variety of plastic mate-
rials were used. The main construction material has been
Polyoxymethylene (POM) which is a thermoplastic with
favorable mechanical properties including high strength and
stiffness, excellent dimensional stability and low friction
coefficients. From a manufacturing point of view it has very
good machinability. It can be shaped under conventional
machining processes resulting in a good surface finish and
accomplishing the required dimensional tolerances. Among
the disadvantages of the specific material are the relatively
high cost and the difficulty to bond using adhesives. For
this reason the prototype device was assembled using plastic
screws. The arch structure in specific, as well as other small—-
sized parts, were constructed of Plexiglas.

All individual parts of the system were produced using
accurate computer numeric control (CNC) machining. The



prototype system is shown in Figure 4a mounted onto
the scanner’s table top. The specific mounting arrangement
allows for the patient to be placed in different positions
depending on the application needs: head-first, feetfirst,
supine, prone and also in lateral decubitus positions. The
system needs to be installed after the patient is accommo-
dated on the table as demonstrated in Figure 4b, prior to
the insertion of the table in the gantry. The actual mounting
option also allows for a quick removal of the system in
the case of an emergency situation. The overall mass of the
system is about 7 kg which allows for easy transportation and
installation, which does not require a specialized technician
for this purpose. The arm attached to the arch is deployed
inside the scanner to reach the patient. As shown in Figure 4
and as mentioned above, at the proximal end of the arm is
the control handle and the end—effector is attached at the
distal end. Similar to any interventional system there will
be a need for sterilization. The geometry of the system
itself allows to be covered with sterile bags if required
while treating any interventional tools or remaining exposed
parts of the system (end—effector assembly) using appropriate
sterilization agents. The fact that the system does not have
any build—in sensors or actuators is also advantageous in that
respect.

The particular end—effector that was used for our experi-
mental testing is shown in Figure 5 attached to the tip of the
arm. It shows the telescopic element (associated with motion
ds) as well as the needle (associated with motion dg) at an
extended position. The needle grip is secured on a slider
block that moves along a linear guide. The needle tip passes
through a disposable guide at the bottom edge of the end—
effector. For the localization of the needle prior to body or
phantom puncture, a pair of parallel cylindrical tubes, filled
with a gadolinium chelate solution of 0.01 mM (Magnevist,
Bayer Shering Pharma, Berlin, Germany), is symmetrically
placed on either side of the needle guide. These will appear
in the MR images as two bright lines facilitating the targeting
procedure [16].

IV. EXPERIMENTAL TESTING

Preliminary testing of the prototype manipulator con-
structed was carried out to assess its magnetic compatibility.
Testing was performed inside two cylindrical closed—type
scanners with 1.5T and 3T static magnetic fields, respectively
(Philips, Medical Systems, Best, The Netherlands). The
modular system design allowed testing of the individual
components of the system for magnetic field-related trans-
lational attraction and torque. As expected, all parts were
found to have no magnetic field interactions in association
with exposure to the used MR systems. Finally, the system’s
presence does not introduce any notable imaging artifacts
(end—effector tools were not tested).

For an initial evaluation of its tip positioning accuracy the
system was placed on a table over a grid paper serving as a
reference for position measurements. Its was then manually
adjusted to different configurations (N=40) selected to span
its workspace by manually setting the joint positions. The
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Fig. 5. The end—effector attached at the tip of the arm holding a general—
purpose needle.

cartesian tip positions calculated using forward kinematics
were compared with the measured ones. The average distance
between them was 3.8 mm (with standard deviation 0.8 mm).
Further testing involved MR—visible phantoms to assess the
manipulator’s effectiveness in performing needle targeting
tasks as required in various minimally invasive interventions
(e.g., biopsies, aspirations and local drug deliveries). Testing
of the system has demonstrated that a significant advantage
of the manipulation system is its intuitive kinematic structure.
This allowed the operating physician to quickly become
accustomed with its operation following minimal training.
The arc—shaped base was found to be sufficiently stiff
so that compliance does not compromise the required tip
positioning accuracy. Phantom experiments were carried out
to evaluate the image—guided target acquisition capability of
the system. The phantom consisted of a plastic container
filled with animal fat (butter) into which five spherical objects
(3, 5, 10, 15, 20 mm in diameter plasticine balls) were
immersed to represent targets. Repeated targeting attempts
were carried out for each individual target along five different
access paths. The smallest—size target with 100% successful
acquisitions was the 5 mm in diameter.

A preoperative planning procedure enabled by a suitable
software tool [16] involves (a) registration of the scanner’s
coordinate reference system to that of the robot’s through
the acquisition of scout images, (b) acquisition of a stack of
parallel images of the anatomy under investigation, and (c)
delineation by the user of the target and critical regions—
of—interest (ROIs) on each acquired image. The software
then proceeds with an inverse kinematics solution of the
manipulator joints yielding the set of possible insertion vec-
tors through permissible access paths. After examining the
available options, the physician selects the most appropriate
solution taking into account different criteria (required depth
of insertion, proximity of needle path to critical ROIs, etc).

The phantom used for the results presented herein consists



of a plastic container filled with animal fat (butter) in which
a grape of about 1 cm in diameter was immersed to represent
the target. To mimic impenetrable structures (e.g., bones) and
critical organs, additional structures were embedded into the
fat matrix. In particular, a bony structure was represented by
a group of vitamin capsules retained inside a small plastic
container which was placed a few centimeters above the
target. To represent sensitive structures, which also have to
be avoided by the needle while moving towards the target,
a sealed plastic container filled with an aqueous solution
(0.01 mM) of a paramagnetic contrast agent (Magnevist,
Bayer Shering Pharma, Berlin, Germany) was placed at the
side of the target. Imaging was performed in a cylindrical
1.5T scanner with a bore diameter of 60 cm (NT-Intera,
Philips, Medical Systems, Best, The Netherlands). The built—
in quadrature RF body coil was used for both excitation
and signal reception. T1-weighted gradient echo images (4.6
and 7.7 ms echo and repetition times, respectively) were
acquired for localization purposes and fluoroscopic imaging
of the target acquisition procedure was implemented. A
MR-compatible 20G needle was used (MRI Chiba Needle,
Somatex Medical Technologies, Teltow, Germany).

Figure 6a shows a software-reconstructed 3D representa-
tion of the phantom lying on the table top at the scanner’s
isocenter vicinity. The defined target ROI (green) and the
critical ROIs (red) can be seen within its volume. A line
representation of the robot position corresponding to the
selected needle path is also shown. The planning software
provides the user with the corresponding values of the joint
variables required for the selected positioning of the end—
effector with the needle aligned with the specified target ROI.
Using these values the manipulator is manually adjusted to
this position (using the ruler/protractor marks related to each
linear/rotational joint) and image acquisition is used to con-
firm that the needle is correctly pointing towards the target.
If required small manual adjustments are carried out prior to
commencing the needle insertion, which can be monitored
under real-time imaging. Figure 6(b,c) show the needle en
route towards the target and after it has successfully acquired
the target, respectively. The needle is actually visualized in
the image through the magnetic susceptibility artifact that
generates. Successful target acquisition was accomplished
in successive trials using the inverse kinematics solution
depicted in Figure 6a as well as alternative access paths.

V. DISCUSSION

The herein presented prototype system demonstrated that
manual actuation is a practical option for robotic manip-
ulators performing MR-guided interventions. Compared to
devices with computer—controlled actuators a manual device
presents various advantages including simplicity and lower
cost. Also, it is anticipated that obtaining the required
permissions from regulatory agencies prior to clinical use
will be significantly simplified due to the absence of active
and automated components. Admittedly, a main limitation
of the manual actuation approach is that the system may
not take full advantage of computer—control capabilities
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(b)
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Fig. 6. Experimental phantom study on image—guided targeting using
the prototype MR—compatible manipulation system. (a) Output of the
preoperative stereotactic planning tool for the acquisition of a selected target
ROI (green structure) while avoiding defined critical ROIs (red structures).
(b) Intraoperative MR image showing the needle en route towards the target.
(c) MR image showing the needle while acquiring the target.

(e.g., automatic execution of a preoperative plan). From a
physician’s perspective, performing an intervention using the
manual system will in fact be perceived as an extension to
the familiar manual practices in interventional radiology.
An important feature of the manual actuation option is
that the operator can feel on the control handles the forces
applied on the end—effector and the penetrating needle. A
more realistic sensation of the applied forces/torques on
the end—effector is available to the operator when direct
transmissions are used (e.g., no leverage or gear reductions
are involved). Also, minimization of friction and flexibility
in the transmission mechanisms constitutes this haptic-like
sensation even more realistic and accurate. Achievement of
such passive haptic feedback can be considered as an advan-
tage of the current design, or any other similar manually—
actuated robotic device. Otherwise, the implementation of
haptic feedback on an MR—compatible computer—controlled
and actuated system would require the incorporation of spe-
cialized MR—compatible force sensors on the end—effector.
In our system the arm is mounted on an arc—shaped struc-
ture. Several different mounting options exist with the most
commonly used being to mount the robotic device on the
scanner’s table (e.g., [8], [15]), or on a separate supporting
structure (e.g., [9], [17]). A more distinct approach was
used in [18] where the robotic device was patient—-mounted.
Various criteria need to be considered when selecting the
most appropriate mounting option which will also depend
on the clinical applications and the scanner type that will
be used. Transportability and ease of installation are among
the important factors. It is unlikely that the expected return—



on—investment will justify that an MR scanning facility will
be dedicated to robotically—assisted interventions. Therefore,
permanently installed mounting fixtures (on the floor, ceiling
or walls) are not expected in a scanner room as for example
in the case of robots operating in a manufacturing facility.
The choice of an arc—shaped mounting structure, that also
allows motion of the system along its curve, serves well a
general-purpose device such as the one developed in this
work. Also, the used mounting structure does not seriously
obstruct the access to the patient. Structural stiffness and
mounting position stability are good as suggested by the
high repeatability achieved with regard to target acquisition
in successive trials during experimental testing.

For any system whose operation involves a synergy
between humans and equipment, consideration of human
factors plays an important role in the system’s design. In
general, the discipline of human factors provides a frame-
work for designing more ergonomic, functional, efficient
and safer devices. Human factors play a significant role in
the high-risk operations performed with healthcare systems
[19]. Several relevant provisions were incorporated in the
design of the presented system. First, its rather intuitive
kinematics structure allows the operator to focus on the
actual interventional task rather than being preoccupied
with the operation of the device. For example, prior to
maneuvering the end—effector the operator does not have
to mentally solve the inverse kinematics of the manipulator.
Second, the control of the system is rather intuitive since
it is directionally compatible with the movement of the
end—effector. Third, the operator can control the specific
system from an ergonomically comfortable position while
standing at the side of the scanner’s bed and having direct
view of the patient and the end—effector. From that position
the physician can also view on a screen, placed by the
scanner, the pre— or intra—operative acquired images as well
as the output of the computer—assisted planning software.
Fourth, regarding the controls apart from being reachable
from the operator’s normal working position, tactile coding
was considered, i.e., making the controls identifiable by
touch. The importance of this provision is apparent in the
case of an image—guided procedure where the physician’s
attention is constantly focused on the intraprocedural images
while manipulating surgical instruments.

Current and future work focuses on further developments
of the preoperative planning tool and the manipulator itself.
One area is to endow the software with the capability of eval-
uating all feasible target—acquisition solutions and selecting
the optimal one. Another area is the design of specialized
end—effectors which will expand the applications field. An
important direction that is currently examined involves the
installation of appropriate position sensors on the joints from
which the position and orientation of the end—effector can
be deduced (using the forward kinematics solution). This
will allow integration of the system with the MR scanner
in order to automatically update the imaging planes while
the operator free-hand maneuvers the end—effector so that
the interventional tool is automatically tracked [20].
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