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Abstract—In this letter, we present the design and development
of a new robotic system for MRI-guided breast biopsy. The robot’s
structure is nonmagnetic, therefore, it can safely operate from
within the scanner’s magnetic bore; it has a compact Cartesian
mechanism that allows it perform needle insertion tasks from both
frontal and lateral directions inside an open bore scanner. A com-
bination of piezoelectric and pneumatic actuators drive the motion
of the proposed three degrees-of-freedom robot. To control the nee-
dle’s insertion, we present an adaptive position regulator that uses
the feedback from multiple sensors and that is robust to external
disturbances. A detailed experimental study is presented to validate
the performance and magnetic properties of the new mechanical
prototype.

Index Terms—Breast biopsy, mechanism design, medical robots
and systems, motion control, MRI robotics.

I. INTRODUCTION

WORLDWIDE, breast cancer is the most frequently di-
agnosed cancer and the principal cause of cancer death

among women [1]. In order to improve the disease’s survival
rate, it is essential to accurately detect cancerous growths in
early stages by performing a breast biopsy (which extracts and
analyses sample tissues from the suspicious area). This pro-
cedure is usually conducted in a minimally-invasive way by
introducing a needle into the tissues and guiding it with some
imaging modality, such as magnetic resonance imaging (MRI).
It has been shown that MRI provides good soft tissue contrast
and image resolution, has higher detection rates than ultrasound
or mammogram [2], [3], and does not expose the patient to the
damaging ionizing radiation of x-rays.

In the current practice of MRI-guided biopsy, the patient is
first placed in a prone position with the breast fixed with a
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special immobilisation device commonly referred to as the grid.
A first MRI scan is performed to obtain a diagnosis image,
which helps physicians to locate the lesion and to calculate the
needle’s insertion trajectory. Once the needle is introduced into
the tissues, an additional scan is performed to verify its position,
which if deviated from its target, further scans and adjustments
must be performed, see e.g. [4], [5]. This repetitive needle posi-
tioning process remains up to this day mostly manual. Note that
performing multiple adjustments is time-consuming, expensive,
and increases the trauma inflicted to the tissues. Therefore, there
is a clear need to develop a system which can (semi-)automate
the complex insertion process. This is precisely our goal in this
letter.

There are several challenges in developing this type of robot.
First, the high magnetic field used in MRI restricts the types
of materials that can be used to fabricate the robot’s structure;
this imaging modality prohibits the use of ferromagnetic metals
(e.g. stainless steel). Second, this strong magnetic environment
also restricts the types of actuators that can be used to drive
the needle’s motion; standard electric motors cannot be placed
inside the scanner room since their working principle is
based on the electromagnetic effect. Third, in order to avoid
degrading the image, special efforts must also be placed to the
customisation of all mechatronic components and sensors.

In the past decade, many biopsy robots have been designed
but for ultrasound-guided interventions, see e.g. [6], [7]. The de-
velopment of robots for MRI interventions has been addressed
before by some groups (see [8], [9] for comprehensive reviews).
In general, these robots are driven by four main actuation meth-
ods: distant/remote actuation [10], piezoelectric motors [11],
hydraulic actuation [12], and pneumatic actuation [13]. An
early work of an MRI-guided breast biopsy robot is reported
in [14], which presents a 6-DOF needle insertion system driven
by piezoelectric motors. A stereotactic robot for breast inter-
ventions is presented in [15]; this system controlled by distant
piezomotors that transmit motion through long telescopic shafts.
In [16] a hydraulic needle driver which uses continuous MRI in
presented; this single DOF robot is tele-operated from a mas-
ter station and provides the user with a haptic force feedback.
In [17], a needle manipulator actuated with both, pneumatic
cylinders and a piezo-motor is presented. Recently, the CSii
centre developed a piezo-driven robot which can operate inside
a closed bore scanner [18].

Note that most existing breast biopsy robots are too long to be
used for lateral insertions inside the MRI scanner (the robot in
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[15] does have around the breast access, yet not from an entirely
lateral direction but with a 30◦ inclination). The capability to
place the robot in a lateral configuration is crucial as most lesions
(around 62%) are located in the breast’s outer-upper zone, see
[19]. This feature clearly limits the applicability of existing
breast biopsy robots.

In this letter, we present the mechatronic design and develop-
ment of a new robot which can insert the biopsy needle into the
tissues while operating inside the scanner’s bore; the magnetic
compatibility of the proposed pneumatic insertion mechanism
allows it to be used even during continuous imaging. The robot
has a compact mechanical structure that allows it to perform
both frontal and lateral insertions inside an open bore scanner
(to the best of our knowledge, the proposed robot is amongst the
first to address this crucial dimensional issue by using a Carte-
sian mechanism). To command the robot’s motion, we present a
robust control method which combines the feedback from mul-
tiple sensor modalities; the controller’s stability is rigorously
analysed using energy-based theory. Finally, we present a de-
tailed experimental study to validate the performance and to
verify the magnetic properties of the robotic prototype.

The rest of this manuscript is organised as follows: Section II
presents the mechanism’s structure, Section III describes the
controller design, Section IV presents the conducted experi-
ments, and Section V gives final conclusions.

II. STRUCTURE DESIGN

A. Design Requirements

There are several design requirements that must be taken
into consideration when developing this type of system, these
include: (1) satisfying the dimensional constraints of a robot
operating inside the magnetic bore, (2) selecting non-magnetic
materials for the fabrication of its mechanical structure, (3) using
MRI-compatible actuators with sufficient power to perform the
task, (4) adapting electronics and feedback sensors such that
they do not cause significant visual artifacts.

The robotic system in this letter is designed to perform lateral
insertions inside an open bore MRI scanner. In our model we
consider the dimensions of a PICA scanner, developed by Time
Medical. Fig. 1(a) shows the configuration of the patient, the
breast coil, the robot, and the scanner. From this figure we can
see that the robot is expected to insert the needle from a lateral
direction (which is the common set-up in manual interventions
[4]). This lateral insertion requirement poses severe constraints
to the robot’s dimension as it must be able to fit and operate in
a very narrow workspace. The set-up requires the robot to have
a vertical height smaller than 220 mm, and a width smaller than
400 mm (note that closed bore scanners have tighter dimensional
requirements).

The required [x, y] motion range to perform a biopsy is deter-
mined by the size of the compression grid; in our model we use
the usable size of an Invivo breast coil (i.e. 130 × 90 mm). The
required z motion range is determined by maximum distance
the needle has to travel to reach all lesions; we based our design
on the results in [20] which reports a mean maximum depth of
46 mm). The clinical study [20] also reports a lesion (mean)
minimum size of 4 mm. From this data, we determine that the

Fig. 1. Conceptual representation of the set-up for the proposed biopsy
robot. (a) Scanner’s dimensional constraints, with a = 400 mm, b = 220 mm.
(b) Dimensions of the breast’s immobilisation device δx = 130 mm and
δy = 90 mm; mean maximum insertion depth ζmax = 46 mm.

Fig. 2. Components: 1. Base; 2. x-axis platform; 3. x-axis slide; 4. Power
screw; 5. x-axis motor; 6. y-axis platform; 7. Rack & pinion; 8. y-axis slide; 9.
y-axis position sensor; 10. y-axis motor; 11. z-axis platform; 12. Cylinder; 13.
z-axis slide; 14. Biopsy gun; 15. Needle; 16. z-axis position sensor.

accuracy of the needle-lesion alignment must be, at least, 1 mm.
See Fig. 1(b) for a representation of the required ranges.

B. Proposed Structure

To fulfil the above given design requirements, we propose to
develop a robot consisting of three active linear joints for needle
positioning and insertion motions (note that the proposed sys-
tem is only suitable for open bore configurations). This 3-DOF
design in intended to replicate the linear motions of a manual
biopsy using the grid method [4]. Fig. 2 conceptually depicts the
details of proposed 3-DOF mechanism. To achieve stable mo-
tion, Del-Tron non-magnetic slides (made of aluminium, silicon
nitride, graphite) are installed on each active axis. An aluminium
power screw (Abssac) with a nylon nut is used in the x-axis to
transmit motion from actuator to the joint, see Fig. 3(a). Two
parallel slides are installed on the y-axis to provide stable sup-
port to the biopsy gun from both sides; this vertical axis uses a
brass rack and pinion to transmit the motion from the actuator
to the joint.

The first two DOF of this system serve to align the needle’s
axis with the target lesion. To command the motion of these
joints, two non-magnetic piezo motors (GTUSM60, Jiangsu
Glittering Orient Ultrasonic Motor Co.) are installed; these



1650 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 2, NO. 3, JULY 2017

Fig. 3. Components and attachments of the x and y platforms. (a) Details of
the x-platform. (b) Details of the y-platform.

Fig. 4. Free body diagram of components used in the x-y platform.

actuators provide a torque output of up-to 1 Nm. The z needle
insertion axis is attached between the parallel slides as shown
Fig. 3(b). To measure the robot’s configuration, Spectra Symbol
position (resistive) sensors are installed in all three joints, whose
signals are measured using shielded cables. Most of the structure
is 3D printed with some transmission and support components
made of aluminium and brass.

C. Driving Torque Analysis

Fig. 4 shows the free body diagram of the components used
in the positioning of the needle. The first component attached
to the x motor is a power-screw which provides the linear
motion to the joint. The motor is required to generate enough
torque to overcome the friction and to carry the load Li . We
model the frictional forces between the slide and the joint with
Hi = μiNi , where μi is the static friction coefficient and Ni

is the normal force between two surfaces, computed for the i
joint. The efficiency of the x-axis power screw in forward (Ef )
and backward (Eb ) directions is computed as

Ef = tan(λ)
cos(φ) − Hx tan(λ)
cos(φ) tan(λ) + Hx

(1)

Eb =
1

tan(λ)
cos(φ) tan(λ) − Hx

cos(φ) + Hx tan(λ)
(2)

Fig. 5. Details of the insertion joint mechanism.

where λ and φ denote the screw’s lead angle and the thread’s
angle, respectively. With the above expression, we compute the
torque required to drive the x-axis as follows:

τf = Lxl/2πEf , τb = LxlEb/2π, (3)

where l denotes the lead of the power screw; τf and τb represent
the torque in the forward and backward directions, respectively.
We use a rack and pinion to drive the vertical y-axis. The torque
required to drive the joint is computed as

T = LyR/G (4)

where G denotes the gear reduction ratio and R is the radius
of the pinion. Our mechanism has the following parameters:
λ = 35◦, φ = 29◦, l = 3.5, μi = 0.003, R = 15, G = 1, Lx =
4.5 kg, Ly = 4 kg. By substituting these values into the above
expressions, we obtain that the motor torque to drive the x-axis
should be at least τf,b = 0.05 Nm, and to drive the y-axis at
least T = 0.6 Nm. This shows that our 1 Nm piezo-motors
have sufficient power to drive this system.

D. Needle Insertion Joint

The mechanism that drives the needle into the tissues is ac-
tuated by a double-acting pneumatic cylinder (an Airpel from
Airpot). This linear actuator is fully non-magnetic, since its
housing, piston rod, and all of its components are fabricated
using plastic and/or brass. The insertion mechanism is attached
to the parallel slides of the vertical axis (i.e. the y direction).
This structure provides support to the biopsy gun from both
sides (in our model we consider a 230 mm ATEC biopsy sys-
tem from Hologic), which results in an increased stability of
the system. The axis’ slide has a linear travel range of 75 mm,
which is used for providing smooth pushing/pulling motions to
the piston rod. The width of the mechanism is small enough to
accommodate the biopsy gun and pneumatic cylinder side by
side. Fig. 5 depicts the proposed mechanism.

To perform the task, the cylinder must generate a push-
ing force of at least 3 N (the study [21] reports that a
maximum force of 2.3 N is required to penetrate breast tissues).
The Airpel cylinder has piston areas of A1 = 67.5 × 10−6 m2

and A2 = 59.5 × 10−6 m2 and maximum chamber pressure
of p1 = 340000 pa. By setting an opposing pressure of p2 =
100000 pa, we calculate that the cylinder’s maximum force is
f = A1p1 − A2p2 = 17 N, which is sufficient for the task.
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Fig. 6. Schematic representation of the robot and motion control system.

III. CONTROLLER DESIGN

A. Motion Control System

The control system is composed of three servo modules: a
positioning controller to align the needle with a target, a pneu-
matic regulator to command the cylinder’s driving pressures,
and an insertion controller to drive the needle into the tissues.
The proposed architecture is depicted in Fig. 6.

The piezo-motors that drive the x-y joints are used for initial
needle positioning but are not able to be operated during scans
due to the noise artifacts that they cause in the MR image (this
situation has been previously stressed in [22]). The motors come
with its own motion controller, current amplifier, and a feedback
sensor. To command its motion, we use velocity control mode,
where θi and θ̇i denote the angular position and the commanded
velocity, respectively.

A pair of pressure regulated valves from Festo (VPPE-3-1-
1) are used for driving the motion of the cylinder. We use an
analogue board from Phidgets to control these valves from a
Linux PC. To accurately regulate the cylinder’s chamber pres-
sure, two gauge pressure sensors from Freescale (MPX5700GP)
are installed in close proximity to the ports. A position sensor
measures the linear displacements along the needle’s insertion
joint. In our system, we use a pneumatic actuation to drive the
needle as it presents the best performance for continuous MRI
(see [23] for a study that evaluates the noise induced by different
actuators).

B. Robust Pressure Regulation

The pneumatic valves used in our system can control the
pressure being output to the cylinder; this pressure is directly
proportional to the reference (control) voltage. However, due
to the restrictions of the MRI environment, these valves are
placed outside the shield room. Therefore, to drive the pneumatic
cylinder, long tubing lines (of around 6 meters in our set-up)
must be passed into the room through the panel’s wave guides.
Due to the long tubing length (and possibly air leakage in the
system), the pressure commanded by the valves may differ from
that inside the cylinder’s chambers, here denoted by pi . This
situation can be fairly modelled by the following first-order

system:

ṗi = −Ωi (pi − di − ui) (5)

where we introduce the unknown constant di to model the
steady-state deviation from the reference ui provided by the
controller; the parameter Ωi > 0 determines the response prop-
erties of the pressurised chamber.

Precise regulation of the pressure is needed in order to control
cylinder’s pushing/pulling forces. To this end, we propose the
following robust regulator:

ui = pdi +
1
Ωi

ṗdi − ̂di (6)

where pdi and ṗdi denote the desired pressure and its deriva-
tive, respectively, and ̂di denotes an adaptive estimation of the
unknown disturbance di . The adaptive state ̂di is iteratively up-
dated with the following rule:

˙̂
di = γΩiΔp (7)

where Δpi = pi − pdi denotes the feedback pressure error, and
γ > 0 represents a tuning scalar. Substitution of (6) into (5)
yields

Δṗi = −Ωi (Δpi + Δdi) (8)

for Δṗi = ṗi − ṗdi as the pressure tracking error, and Δdi =
̂di − di as the compensation error. To analyse the stability
of the closed-loop system (7)–(8), consider the Liapunov-like
quadratic function

Vi =
1
2
|Δpi |2 +

1
2γ

|Δdi |2 (9)

whose time-derivative yields V̇i = −Ωi |Δpi |2 , which proves
the asymptotic stability of the error Δpi [24].

C. Force to Pressure Mapping

In our system, pi corresponds to the pressure relative to the
environment pressure. Therefore, the total force exerted by the
cylinder can be computed with following relation: f = A1p1 −
A2p2 , where the parameters Ai correspond to the piston area of
the cylinder’s chambers. This force relation is important for our
controller design since it allows us to solve pdi from a desired
force fd to be generated by the cylinder. We use this expression
to design strategies to control the needle position. For forward
(i.e. insertion) motion tasks, which “mostly” require positive
insertion forces,1 we compute the pressures as follows:

pd1 =
1

A1
(fd + pF A2) , pd2 = pF (10)

where pF represents a constant opposing pressure. For backward
(i.e. retraction) tasks, which “mostly” require negative forces,
the following strategy is used

pd1 = pB , pd2 = − 1
A2

(fd − pB A1) (11)

1Small negative/positive forces may be needed during the fine positioning
around the target, however, only one strategy is considered for the whole task.
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where pB is a constant pressure. For these insertion/retraction
tasks, only one valve is actively controlled at the time; the other
opposing valve is set to the fixed values pF /pB .

D. Needle Insertion Control

Consider the dynamic response of a double-acting pneumatic
cylinder, whose force input f can be precisely set by the pneu-
matic servo-controller (for our controller design, we assume
that f = fd ). Let m denote the mass of the total moving load, b
the mechanism’s damping (friction) coefficient, and z the linear
insertion displacement of the needle, which is measured with a
position sensor. The variable ϕ is introduced to represent the dis-
turbance force that arises by penetrating the deformable tissues.
The dynamic model of this linear motion system is

mz̈ + bż = f + ϕ (12)

In our analysis, we model that the value of the external force ϕ is
constant and unknown. To control the insertion displacement of
the needle, we implement the following Hamiltonian-motivated
position controller [25]:

f = −mK1Δz − (b + K2)σ − K2 ż (13)

where Δz = z − zd denotes the position error for zd as the
desired (constant) insertion target; K1 and K2 denote positive
feedback gains; σ represents a numerical state which is itera-
tively computed with the following rule:

σ̇ = K1Δz (14)

Substitution of (13) into (12) yields

mz̈ + Bż + mK1Δz + Bσ = ϕ (15)

for B = b + K2 as the total damping coefficient.
Proposition: The closed-loop system (14)–(15) is passive

and endowed with asymptotic stability of the error Δz.
Proof: To analyse the stability, we first introduce the virtual

momentum-like variable

r = mż + m(σ − ϕ/B) (16)

Using the coordinates (z, r, σ), we can express the closed-loop
dynamics (14)–(15) as an unperturbed Hamiltonian system

⎡

⎣

ż
ṙ
σ̇

⎤

⎦ =

⎡

⎣

0 1 −K1
−1 −B 0
K1 0 0

⎤

⎦

⎡

⎣

∂zJ
∂rJ
∂σJ

⎤

⎦ (17)

with closed-loop energy functional

J =
1
2
|Δz|2 +

1
2m

|r|2 +
1

2K1

∣

∣

∣σ − ϕ

B

∣

∣

∣

2
(18)

Computing the time derivative of (18) along trajectories of (17)
yields J̇ = −(B/m2)|r|2 ≤ 0, which proves the passivity of
the system. Asymptotic stability of the position error Δz directly
follows by invoking the LaSalle principle [24]. �

IV. RESULTS

A. The Prototype and Experimental Set-up

Fig. 7 shows the developed robotic prototype, which has
an overall dimension of 300 × 220 × 260 mm (excluding the

Fig. 7. The developed robotic prototype and its dimensions (given in mm).

Fig. 8. Joint motions in the: (a)–(b) x-axis, (c)–(d) y-axis, and (e)–(f) z-axis.

Fig. 9. The relative size and configuration of the robot performing a simulated
lateral needle insertion with a breast coil model.

needle’s length). As we can see in this figure, the structure of the
robot is mostly 3D printed. The rigidity of the mechanism is se-
cured by reinforcing the x-platform with an aluminium plate (Al
7075), and by transmitting the x-y motions with an aluminium
power screw and a brass rack and pinion. The individual motions
of the x, y, and z linear joints are depicted in Fig. 8. The robot’s
[x, y, z] maximum motion range is [130, 100, 75] mm, which
is enough to perform the biopsy task as depicted in Fig. 1(b).
Fig. 9 shows a simulated biopsy set-up, where we can see that
the fabricated prototype is compact enough to perform lateral
insertions inside the open bore scanner considered in our model.
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Fig. 10. The scanner and head coil used for the MRI experiments.

In this study, we experimentally evaluate the robot’s perfor-
mance and MR compatibility using a 0.2 T Time Medical Mona
scanner,2 an MR head coil, and a silicon breast phantom tissue.
For these experiments, we use a pneumatic compressor with a
regulated air pressure output of 6 Bar to drive the motion of the
z insertion joint. This experimental set-up is depicted in Fig. 10.
In the accompanying multimedia material, we demonstrate the
performance of the developed robotic prototype.

B. Feedback Pressure Control

The valve’s parameter Ωi is first identified using Matlab
system’s identification toolbox, where the obtained values are
Ω1 = 4.22 and Ω2 = 5.02. The performance of the proposed
pressure regulator (6) is evaluated by commanding a target
trajectory of pid = 0.5 sin(0.5t) + 2, while applying external
disturbances to feedback pressure (these were introduced by
manually pushing the cylinder’s rod, thus altering the cham-
ber’s pressure). Fig. 11 (top part) depicts the pressure tracking
results, where D1 and D2 denote disturbances. From this figure
we can see that our adaptive method can accurately control the
chamber’s pressure while recovering from perturbations. Note
that in these experiments, we only focus on the closed-loop
response of the pneumatic valves, therefore, the final position
of the cylinder is not analysed. Having a precise control of the
chamber’s pressure is important since it determines the insertion
force of the needle.

C. Needle Motion Control

We now test the positioning performance of the x-y stage.
For that, the kinematic controller ẋ = − sat(x − xd) and
ẏ = − sat(y − yd) is implemented in the PC, with xd, yd as
the target positions and sat(·) as a saturation function (with
2 mm bounds). Fig. 11 (second from top) depicts positioning
experiments for constant targets of xd = 50 mm and yd =
30 mm; this figure shows that the controller can accurate

2Note that this scanner is not the same as the one depicted in Fig. 1(a).

Fig. 11. Experimental results of: (top) pressure regulation, (2nd from top)
stage positioning, (bottom two) needle insertion control.

Fig. 12. (left) The immobilised phantom tissue; (right) its 3D MRI scan.

regulate the motor’s speed such that the motion profile results
in a straight and smooth curve.

The insertion controller (13)–(14) is implemented with the
(arbitrary selected) gains K1 = 0.01 and K2 = 0.06 (with
m = 0.52, b = 0.003), and its performance is evaluated with
two experiments: (1) free motion positioning (i.e. with no tissue
interaction), and (2) needle insertion into a silicon phantom.
For the first experiment, we test the controller’s robustness by
commanding the target zd = 60 mm and then applying a distur-
bance to the position (this was done by pushing the cylinder’s
rod, thus displacing the z axis). Fig. 11 (third from top) depicts
the resulting profile, where D denotes the instance when the
disturbance is applied; this result shows that the z position can
be regulated while compensating disturbances. The controller’s
response is also tested by commanding incremental 25 mm tar-
gets; Fig. 11 (bottom) shows the obtained stepping profiles of
this experiment.

Next, we evaluate the performance with insertion tasks into
the silicon phantom. Fig. 12 depicts the set-up of the phan-
tom compressed with a custom-made grid (since in these
experiments we are using a head coil, which is larger than a
breast coil, we had to fabricate a special grid to immobilise the
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Fig. 13. MR images of the needle insertion experiment, with: (a) no insertion,
(b) 20 mm target, (c) 25 mm target, (d) 30 mm target.

tissue). Its corresponding 3D gradient echo scan is shown with
the needle clearly visible inserted into the phantom. This scan
was acquired with the following parameters: echo time (TE)
11.8 ms, repetition time (TR) 80 ms, slice thickness 3.1 mm,
flip angle 20◦ and matrix size of 256 × 192 × 45. Fig. 13 il-
lustrates the needle’s penetration into the phantom, and shows
the insertion distance estimated with the MRI scans (we use 3D
Slicer to measure the scans of each motion).

In these experiments, we first set a target inside the phantom,
then, command incremental targets of 5 mm. MR images were
obtained with TE = 10.6 ms, TR = 26 ms, slice thickness of
5 mm, flip angle 20◦ and matrix size of 256 × 160, giving a total
scan time of 4 s. The experiment shows the following results:
(b) for the 20 mm target we obtain 19.3 mm measurement,
(c) for the 25 mm target we obtain 24 mm measurement, (d)
for the 30 mm target we obtain a 30.7 mm measurement. In
our experiments, we found that the insertion mechanism has an
accuracy of ±1.5 mm (this due to the high backdrivability and
compliance of the pneumatic cylinder). It must be remarked that
this accuracy is only along the insertion axis; the needle-lesion
alignment is performed by the x-y stage which has an accuracy
smaller than ±0.4 mm. Note that the study [20] reports a mean
lesion size of 10.5 mm; this suggests that our robot has sufficient
accuracy to target most lesions.

D. MRI Compatibility of the Robot

The MR compatibility of a mechanism is dependent upon
the magnetic properties of the components’ materials. Many
components of the robot are fabricated with plastic (which is a
non-magnetic material), therefore, these do not affect the scan-
ner’s magnetic field. However, the prototype does have some
components which are fabricated with paramagnetic and dia-
magnetic materials. Paramagnetic materials are responsible for
the strengthening of the magnetic field, whereas the presence
of diamagnetic materials distort the magnetic field. Table I lists
the magnetic susceptibility values of the main materials used in
the mechanism’s structure.

Homogeneity is a measure of the uniformity of the magnet
field calculated at the centre of the scanner. In this study, we
use the homogeneity to see the effect, if any, of the robot on the
uniformity of the field and therefore any effects it would have

TABLE I
VOLUME SUSCEPTIBILITY OF THE MECHANISM

Material Al Ti Brass Si

Volume susceptibility (unitless) 2.2 151 −3.95 −0.18
×10−5 ×10−6 ×10−6 ×10−8

TABLE II
MEASURED HOMOGENEITY OF THE MAGNETIC FIELD

Phantom tissue with the robot placed Homogeneity (RMS/ppm)

Outside the MRI room 1.2 ± 0.2
27.7 cm away from magnetic centre 1.3 ± 0.2
42.7 cm away from magnetic centre 1.2 ± 0.2
57.7 cm away from magnetic centre 1.2 ± 0.2
72.7 cm away from magnetic centre 1.2 ± 0.2

Fig. 14. SNR computed by scanning a phantom tissue: (a) without robot
SNR = 22 ± 2, and (b) with robot SNR = 22 ± 2.

on the resulting image quality. Magnetic field homogeneity is
calculated by using phase subtraction. Two sets of gradient echo
images are acquired with identical parameters (repetition time
100 ms, 256 × 160 matrix size, slice thickness 5 mm, flip angle
20◦) except for the echo time (we use 12 ms and 15 ms) at
each robot position. This temporal shift leads to a difference in
phase between the two images creating a phase difference map
(computed by pixel-by-pixel arctangent operations of the phase
unwrapped image). The mean phase difference is converted to
a frequency change in parts per million (ppm) which is quoted
in Table II for the increasing robot positions from the magnet’s
centre. These results show that the developed prototype has
negligible effect on the magnetic field homogeneity. Note that
27.7 cm is the closest position to the magnet centre that the robot
can be placed given the size of the MR coil, robot, and phantom.

Finally, we experimentally evaluate the signal-to-noise ra-
tio (SNR) induced by the mechanism when located inside the
0.2 T magnetic bore (note that in all these MR compatibility
experiments, only the pneumatic insertion joint is active). We
compare the SNR that is computed by imaging the phantom
tissue with and without the robot. Fig. 14 depicts both MRI
scans (same scanning parameters as Fig. 13), where for the for-
mer case we obtained a SNR = 22 ± 2, and for the latter we
obtained SNR = 22 ± 2. This experiment shows that the robot
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does not significantly degrade the MR images, which proves
that the system is suitable for the proposed application.

V. CONCLUSION

In this letter, we presented the development of a new 3-DOF
robotic system for MRI-guided breast biopsy. The robot was
designed with non-magnetic materials/actuators which allows it
to operate inside the scanner’s magnetic bore. To accommodate
the robot in lateral and frontal configurations, the dimensional
requirements of breast interventions inside an open bore MRI
scanner were considered. A robust feedback controller was de-
veloped to command the motion of the pneumatic insertion joint.
To evaluate the performance of the prototype, we conducted sev-
eral motion control and magnetic compatibility experiments.

The proposed system is designed to introduce the biopsy
needle into a target position. For that, the robot must first align
the needle’s axis with the lesion and then drive it into the tissues
with the insertion joint. The target position provided must be
computed from a diagnosis MRI scan (as done with the current
manual practice). Before the procedure, the coordinate system
of the robot and the MRI scanner must be cross-calibrated (this
is needed in order to drive the robot in the correct direction).

There are several limitations of the developed prototype. For
example, only the pneumatic joint can be operated while con-
ducting continuous MRI scans, because the piezo-motors’ op-
eration cause significant visual artifacts. Due to the compress-
ibility of air and the use of long tubing lines, the pneumatic
cylinder behaves in a compliant manner when interacting with
the tissues; this affects the insertion accuracy of the robot. The
Cartesian-like stage that is used in our approach helps to min-
imise the “width” of the mechanism (which allows the robot to
be accommodated in a lateral configuration), however, note that
this structure does not optimise the space along the horizontal
x-axis. Furthermore, we must emphasise that the current design
is only suitable for lateral breast access with open bore scanners.

As future work, we would like to evaluate the robot’s per-
formance by conducting insertion tasks with biological tissues
with different stiffness properties. Also, we plan to conduct more
magnetic compatibility tests using an MRI scanner with higher
magnetic field strength, e.g. in a closed bore 1.5 T (where lateral
breast access may not be possible due to the tighter size con-
straints). We are currently developing a pair of MRI-compatible
pneumatic rotary actuators which will replace the piezo-motors
used in the x-y platform; by doing this we aim to eliminate the
noise caused by the piezo-motors. Finally, the next step in our
developments is to integrate the MRI measurements within our
motion control system, as well as to embed fiducial markers for
image registration.
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