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Design and Validation of a CT- and MRI-Guided
Robot for Percutaneous Needle Procedures

Nikolai Hungr, Ivan Bricault, Philippe Cinquin, and Céline Fouard

Abstract—This paper describes the design and evaluation of the
second generation of a robotic system called the light puncture
robot for thoracic and abdominopelvic interventional radiology
procedures under CT and MRI guidance. It is mounted on the
patient’s body and positions and inserts the needle according to
the trajectory and target chosen by the radiologist in the image.
The mechanical design is described in detail along with its forward
and inverse kinematics. The robot can be segmented and registered
fully automatically in both imaging modalities. Phantom experi-
ments in the CT scanner and preliminary feasibility experiments
in the MRI are described, showing a targeting accuracy of 3.3 ±
1.7 mm in gelatin for depths ranging from 30 to 90 mm and needle
orientations of –13˚ to +15˚ about normal from the patient’s skin.
A detailed error analysis is discussed along with potential improve-
ments in the system. The potential clinical advantages of the system
include higher targeting accuracy for complex dual obliquity tra-
jectories, the need for fewer images, and improved accessibility to
MRI-guided interventions.

Index Terms—Biopsy, CT, interventional radiology (IR),
medical robotics, MRI, parallel robots, robot kinematics.

I. INTRODUCTION

ROBOTICS in the field of interventional radiology (IR),
and, in particular, in the context of CT- and MRI-guided

percutaneous needle procedures is a well-established field of
research with numerous systems published in the literature
worldwide since the beginning of the century. Percutaneous
interventions are minimally invasive clinical procedures that in-
volve the insertion of needles through a patient’s skin for diag-
nostic or therapeutic purposes. Specific examples of such proce-
dures are biopsies, tumor ablations, abscess drainages, and drug
administration. Compared with surgical interventions, their par-
ticularity is that they rely on medical imaging for the planning
and execution of the needle trajectory.

Because of the lack of direct visibility of the clinical target,
which tends to be relatively small, clinicians are faced with
a number of difficulties that make the procedure particularly
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adapted to robotics. The challenge generally lies in the need to
mentally reproduce the needle trajectory that was planned in
the control room on the patient’s body in the imaging room.
Numerous control images are typically required to ensure that
the needle is in line, in particular for complex trajectories in-
volving dual obliquities and nearby vital structures such as
blood vessels, nerves, and bones. In order to simplify the task,
radiologists generally tend to keep the needle trajectories in
the transverse imaging plane and close to vertical. The high
accuracy and stability that can be attributed to robots, coupled
to image analysis techniques, could provide clinicians with the
ability to reach clinical targets through a greater variety of tra-
jectory corridors, with the need for fewer control images. In this
paper, we describe a CT- and MRI-guided needle puncture robot
for abdominal and thoracic procedures that we have named the
Light Puncture Robot (LPR).

A. Existing Needle Insertion Robots

Table I shows a summary of all the CT- and MRI-guided
thoracic and abdominal IR robots that we were able to compile
from the recent scientific literature. These robots are all typically
designed to insert a needle through the patient’s skin anywhere
in the upper body without necessarily being constrained to a
certain organ.

In Table I, we can see that existing systems vary signifi-
cantly in their robotic architectures, degrees of freedom (DOF),
actuation types, and levels of automation. They are, however,
all dictated by the same set of general constraints. One of the
main constraints is their necessary reliance on medical imag-
ing for guidance. CT- and MRI-guided robots are particularly
constrained in their design due to the size constraints of the
standard 60 or 70 cm scanner bore diameter as well as mate-
rial compatibility constraints, with high density, ferromagnetic
and conductive materials typically being incompatible. Material
compatibility is especially challenging in the MRI, as ferromag-
netic materials must not only be present in the field of view of
the image, but as well as in the surrounding proximity of the
imager.

The use of medical imaging for guidance means that the
robots must be registered to the image space in order to be
able to send appropriate displacement commands. In MRI and
CT scanners, this is most often done using fiducials or known
shapes that are visible in the image. For example, in the MRI,
hollow shapes filled with the gadolinium contrast agent can be
used [1]–[3].

Other constraints are derived from the percutaneous nature
of the procedures. Accuracies must be high because the targets
tend to be millimetric for insertion depths of up to 15 to 20 cm.
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TABLE I
EXISTING ROBOTS FOR PERCUTANEOUS THORACIC AND ABDOMINAL INTERVENTIONS

Reported Accuracy

Institution Project
Name

Status Imaging
Modality

Actuation
Technology

Robot
Position

DOF Needle
Insertion

Accuracy
(mm)

Needle
Depth (mm)

Test
Medium

References

Johns Hopkins
University

B-ROB /
iSYS

C US / CT Motor Table-
mounted

4 Manual 1.1 85 Foam
phantom

[6], [15]–[19]

Johns Hopkins
University

PAKY /
RCM /
AcuBot

C CT / US /
Fluor.

Motor Table-
mounted

6 Robotic 1.2 – Agar
phantom

[20]–[28]

University of
Freiburg

– P CT Motor Table-
mounted

2 Manual 1.6 75 In vitro pig
organs

[29]

Innomedic Innomotion C MRI / CT Pneumatic Table-
mounted

5 Manual 1 (40–70) In vivo pig [2], [30]–[33]

KIOS Research
Center

– P MRI Manual Table-
mounted

6 Manual <5 −40 Butter
phantom

[3]

Washington
University

- P MRI Piezo motor Table-
mounted

7 Manual – – – [34]–[37]

Worcester
Polytechnic
Institute

- P MRI Piezo motor Table-
mounted

6 Manual – – – [38]–[40]

LSIIT (ICUBE) CT-Bot A CT Piezo motor Patient-
mounted

5 Manual <5 65 Artificial
phantom

[41]–[45]

MIT Robopsy A CT / MRI Motor /
Piezo Motor

Patient-
mounted

3 Robotic (<20) −80 In vivo pig [5], [46], [47]

TIMC
Laboratory

LPR A CT / MRI Pneumatic Patient-
mounted

5 Robotic <2 mm 100 Foam
phantom

[7]–[9]

The project status is either clinical patient tests (C), live animal tests (A) or phantom tests (P). The precision and needle depth values in parentheses are values that are not specifically
stated in the publications but are rather estimates taken from images or textual hints. US motor stands for ultrasonic motor.

Although needle insertion forces are relatively low, typically
remaining below 20 N [4], when combined with the size and
material constraints imposed by the medical environment,
appropriate robot architecture design becomes challenging to
ensure sufficient structural rigidity, and consequently, provide
the high accuracies required at the needle tip.

Needle insertion robots are all composed of at least two
modules: a needle positioning module and an insertion module.
The positioning module necessarily requires four to five DOFs
to be able to position the needle tip at the skin entry point and
orient the needle shaft along the planned insertion direction.
Once the needle is in position, the insertion module needs at
least one DOF to push the needle toward the internal target.

The robots in Table I use varying degrees of actuation for
these DOFs with consequential benefits and limitations. The
robot described in [5], for example, only actuates the two orien-
tation DOFs of the positioning module, meaning that the needle
tip must be placed at the skin entry point manually. This allows
the architecture to be significantly lightened but requires careful
planning to ensure correct initial alignment. Other robots, such
as [6] and [2], do not actuate the insertion module, allowing
the surgeon to insert the needle manually. This simplifies the
risk analysis for use on humans but does not allow in-bore
insertions or controlled insertion schemes, for example.

Another important design aspect is robot fixation. Robots
can be fixed either to the scanner bed, as in the majority of
the existing designs, or they can also be fixed to the patient.
Table-fixation provides a rigid platform that is less likely to
move between image sequences. It also allows the robot to be
registered directly to the scanner’s workspace. Patient fixation
is typically more complex, as it requires a careful balance

between rigidity and patient comfort. But this method tends
to be less space consuming and allows the patient to move
between image sequences, an important consideration for
procedures that can take up to several hours.

B. Context and Clinical Goals

The LPR robot that we describe in this paper is a second
prototype in a project that has been ongoing since 2004. The
previous prototype, as described in a number of prior articles
[7]–[9], consisted of a three-DOF needle insertion module (two
orientations + one insertion) placed directly in contact with the
patient’s body and strapped to the four corners of a surround-
ing bed-mounted frame. Novel pneumatic motors were used to
shorten and lengthen the respective straps in order to provide
two additional DOFs to position the needle above the chosen
skin entry point.

The first prototype design was successfully used on phantom
and live pig trials with a targeting accuracy of less than 2 mm.
However, it had a number of limitations that made it impractical
for clinical use. The bed-mounted frame was found to signifi-
cantly limit the size of the patient on which the system could
be used. The pneumatic motors, although accurate and com-
pletely MRI-compatible, were slow and moved in incremental
amounts, limiting the robot’s resolution. Ultimately, however,
the most important limitation was that it was impractical to
sterilize.

For this reason, the second prototype, first presented in
[10] and [11] and described in detail here, was a significant
change to the original design. The primary advantages of the
first prototype were maintained, in particular the body-mounted
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Fig. 1. General layout of the various components of the LPR system within
the imaging room.

configuration, pneumatic grip-based needle insertion, fiducial-
based registration, and multimodal CT and MRI compatibility.

The clinical goal of the LPR robot is to provide increased
needle targeting accuracy with greater ease and fewer image
acquisitions, in particular for difficult, dual-obliquity, and
anatomically constrained insertions (such as between the ribs).
The originality of the project, with respect to other robotic sys-
tems, is its multimodality and its generic design, adapted to a
large spectrum of needle-based IR procedures. This improves
its potential clinical value for patients by offering a greater num-
ber of possible interventions; for radiologists by allowing them
to take advantage of the complementary information provided
by CT and MRI scanners; and for hospitals by offering a more
generic tool usable in a greater number of situations.

In the following sections, we will describe the LPR v2 in
detail, including the kinematics, actuation details, and fiducial
segmentation–registration techniques, followed by a preclinical
phantom feasibility evaluation in both CT and MRI scanners.

II. MATERIALS

A. Robot Description

The LPR v2 robot consists of a number of components, some
of which are located inside the imaging room and others in the
control room, as shown in Fig. 1. The robot itself holds the
needle and is mounted onto a radiology vacuum cushion fixed
to the patient’s body using flexible straps. The robot is actuated
by MRI-compatible ultrasonic motors mounted in a motor box
at the patient’s feet. The rotational motors pull pairs of Bow-
den cables that are connected to the various robot joints. This
configuration allows the motors to stay outside of the imaging
bore, hence, keeping them from affecting the image quality and
significantly reducing the weight of the robot on the patient’s
body. The effect of the proximity of the motor box to the CT
and MRI scanner bores on image quality was tested and de-
scribed in [10]. It was found that the motors do not affect image
quality except for a minor reduction in signal-to-noise ratio in
the MRI when the motors are in motion. Although this effect

Fig. 2. LPR v2 robot architecture. (a) Photograph of the prototype LPR system
(left) and close-up of the robot (right), showing the end effector location at
the needle’s tip. (b) CAD drawing showing the various components and DOF
of the robot. (c) Detailed view of the insertion module, showing the various
components that allow the needle to be inserted to a step depth defined by
vertically adjustable stop.

was insignificant, it is of no effect to the protocol that will be
described below, as the motors are never actuated during image
acquisition. The electronics for controlling the motors are sus-
ceptible to being affected by and of affecting the MRI and CT
machines because of electromagnetic emissions and the pres-
ence of ferromagnetic parts. They are, therefore, mounted in a
control box that is placed outside of the imaging room. The robot
control PC is placed next to the imaging console, allowing rapid
transfer of images using a DICOM server. This configuration
allows the radiologist to remain in front of the images instead of
having to go back and forth between the patient and the control
room throughout the procedure.

The five DOF robot architecture, shown in Fig. 2, has the
characteristics described in Table II. It is based on two pairs of
parallel x and z sliders and an insertion module. The positioning
module allows the needle to be translated within a planar x-z
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TABLE II
CHARACTERISTICS OF THE LPR V2 PROTOTYPE

WORKSPACE:

DOF 5
Needle tip workspace above skin (x-z plane) 135 mm × 120 mm
Needle orientation about x-axis 10° to –20°
Needle orientation about z-axis 24° to –32°
Insertion stroke 0 to 35 mm

ACTUATION:

Positioning module actuation Four ultrasonic motors + Bowden cables pairs
Insertion depth adjustment One ultrasonic motor + Bowden cable pair
Insertion actuation Two pneumatic pistons + Two pneumatic grips

SIZE & WEIGHT:

Needle diameters 22 G to 15 G (0.7 to 1.8 mm)
Robot weight 1.0 kg
Robot size (L × W × H) 285 mm × 250 mm × 140 mm

MATERIALS:

Structure Epoxy resin
Sliders Carbon fiber
Fiducials Soft PVC (MRI) + air (CT)
Cables Kevlar–Dyneema
Cable housing Teflon
Others Nylon

workspace and oriented about the robot’s end effector (located at
the needle’s tip in the initial home position). The Bowden cables
allow the robot to be placed freely anywhere on the patient’s
abdomen or thorax. The four Shinsei USR60-E3N piezo motors
allow fast, smooth, and accurate actuation compared with the
first LPR prototype.

The insertion module shown in Fig. 2(c) consists of insertion
and withdrawal pistons and two needle grips, all actuated by
pneumatic solenoid valves. The mobile upper grip is mounted
to the insertion piston and is used to push the needle during
insertion. The lower grip is used to hold the needle in place
between insertion strokes. Pneumatics was chosen in order to
provide enough force for the needle insertion. A fifth ultrasonic
motor is used to control a depth stop mounted to a vertical
screw and a gear reduction pair, which allows the insertion
stroke distance to be adjusted between 0 and 35 mm (measured
from the initial prestroke position of the needle tip). A sequence
of strokes can thus be done to reach any depth required.

The positioning and insertion modules mounted on the pa-
tient’s body are both sterilized using a low-temperature hydro-
gen peroxide plasma technique called STERRAD. This ensures
that all the components within reach of the radiologist and nee-
dles are sterilized, reducing the risk of accidental contamination.
Tests showing the compatibility of the robot with the STERRAD
sterilization technique have been described in [10], the conclu-
sion being that all materials are compatible with the sterilizing
agent and the robot is small enough to fit into the chamber.

B. Robot Control System

The electronics used to control the robot are contained in a
single control box. The main component groups include a dig-

Fig. 3. LPR manipulator kinematic diagram. The letter J represents the robot’s
various joints. The thetas represent the variable angular positions of the revo-
lute joints. Lowercase d’s represent the variable distances attributed to the
robot’s actuated prismatic joints. Upper case A’s represent fixed link lengths. The
reference frames attached to each of the manipulator’s links are shown in red,
with only the x- and z-axes shown. The robot’s end effector is located at refer-
ence frame 4 but with a –90° rotation about the z-axis such that the y-axis points
towards J9. The end effector location can be seen in Fig. 2. Before insertion, the
needle tip is located at the end effector.

ital input/output board for receiving the PC’s commands and
distributing them to the various components, the Shinsei motor
drivers that convert the desired motor speed and direction sig-
nals into motor signals, a digital-to-analog converter board to
convert the digital control signals to analog voltage required by
the Shinsei motor drivers and the pneumatic solenoid valves that
control the needle grips and insertion slider. Electrical relays are
used to control whether the pneumatic solenoid valves are ON or
OFF. The PC communicates with the control box through a single
USB cable and the motor connector and pneumatic hose connec-
tors all fit through the 5-cm-diameter control hatches found in
the imaging rooms. Since motor speeds are low (<20 r/min) and
no force feedback is necessary in this version, simple closed-
loop control was used based on the position feedback of the
500-count encoder included with the Shinsei motors.

C. Robot Forward Kinematics

The LPR manipulator’s kinematic diagram is shown in Fig. 3.
It is based on a parallelogram-type manipulator with two kine-
matic chains that split at the robot’s base and reunite at the
robot’s end effector.

To determine the forward kinematics, the modified Denavit–
Hartenberg (DH) convention, as presented by [12], was used.
The DH link parameters are listed in Table III and the transfor-
mation between each set of linked reference frames is defined
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TABLE III
LPR ROBOT’S DH PARAMETERS

Link(i-1→i) di (xi−1 →xi
along zi )

θ i (xi−1 →xi
about zi )

ai−1 (zi−1 →zi
along xi−1 )

α i−1 (zi−1 →zi
about xi−1 )

Chain 1

B→0 0 90 0 180
0→1 d1∗ 0 0 0
1→2 d2∗ −90 0 -90
2→3 0 θ3∗ A3 0
3→4 0 θ4∗ 0 90
4→ee 0 −90 0 0

Chain 2

0→5 d5∗ 0 A5 0
5→6 d6∗ 0 0 −90
6→7 0 −θ7∗ 0 0
7→8 0 θ8∗ A7 0
8→9 0 −θ9∗ 0 90
9→4 0 180 A9 0

Angles θ and α are written in degrees. Asterisks denote the mobile joint variables. All
other values are constant regardless of the robot’s pose. ee stands for end effector.

by the equation

Ti−1 , i =
⎡
⎢⎢⎢⎢⎣

cos θi − sin θi 0 ai−1

sin θi cos αi−1 cos θi cos αi−1 − sin αi−1 − sin αi−1di

sin θi sin αi−1 cos θi sin αi−1 cos αi−1 cos αi−1di

0 0 0 1

⎤
⎥⎥⎥⎥⎦

(1)

where i is the current frame and i–1 is the previous frame in the
kinematic chain. The equations for the robot’s two kinematic
chains are given below:

Chain 1:

T 1
Bee (d∗1 , d

∗
2 , θ

∗
3 , θ

∗
4) = TB0 · T01 · T12 · T23 · T34 · T4ee . (2)

Chain 2:

T 2
Bee (d∗5 , d

∗
6 , θ

∗
7 , θ

∗
8 , θ

∗
9) =

TB 0 · T05 · T56 · T67 · T78 · T89 · T94 · T4ee . (3)

The robot has four actuated prismatic joints (d∗) and five
passive revolute joints (θ∗). Instead of solving the complex
system of nonlinear equations that result from equating the
two kinematic chains, the five unknown revolute joints can be
determined by using inspection of the manipulator’s geometry.
The approach, illustrated in Fig. 4, involves first calculating the
location of frames 3 and 7 from the DH link transformations of
each respective kinematic chain and then locating frame 9 by
finding the intersection between the circle of constant radius A7
and the sphere of constant radius A9.

To find the unknown joint angles θ3 and θ4, we first find the
positions of frames 3 and 7 using their respective link transfor-
mations from the base frame

TB 3 (d∗1 , d
∗
2 , θ

∗
3) = TB 0 · T01 · T12 · T23 (4)

TB 7 (d∗5 , d
∗
6 , θ

∗
7) = TB 0 · T05 · T56 · T67. (5)

Fig. 4. Illustration of the geometric approach used to determine the manipu-
lator’s forward kinematics. The sphere represents the volume swept by the link
labeled A9 centered at joints 3 and 4 (J3 and J4). The dashed circle represents
the surface swept by the link labeled A7 about joint 7 (J7). The location of joint
9 (J9) is the intersection point of this sphere and circle.

Next, we find the intersection of the sphere of radius A9
centered at frame 3 and the circle of radius A7 centered at
frame 7

(x − x3)
2 + (y − y3)

2 + (z − z3)
2 = r2

9 (6)

(y − y7)
2 + (z − z7)

2 = r2
7 (7)

x = −d∗6 (8)

where

x3 = −d∗2

y3 = 0

z3 = −d∗1 − A3

r3 = A9

y7 = −A5

z7 = −d∗5

r7 = A7 (9)
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which gives

y9 = y3 +

(
R2 − r2

7 + P 2
)
(y7 − y3)

2P 2

±

√
R2 −

(
R2 − r2

7 + P 2

2P

)2 (z7 − z3)
P

(10)

z9 = z3 +

(
R2 − r2

7 + P 2
)
(z7 − z3)

2P 2

∓

√
R2 −

(
R2 − r2

7 + P 2

2P

)2 (y7 − y3)
P

(11)

where

R =
√

r2
3 − (−d∗6 − x3)

2 (12)

P =
√

(y3 − y7)
2 + (z3 − z7)

2 (13)

and because of the elbow-out configuration we can always
choose the smallest (most negative) y and z solutions. P is the
distance between the centers of the sphere and circle. Therefore,
if P = (r9 + r7), then the robot is at a singularity point, with
links A9 and A7 fully stretched out. This and P > (r9 + r7)
should never occur if the robot limits are carefully chosen.

In summary

(x3 , y3 , z3) = (−d∗2 , 0,−d∗1 − A3) (14)

(x7 , y7 , z7) = (−d∗6 ,−A5,−d∗5) (15)

(x9 , y9 , z9) = (−d∗6 , (10), (11)) . (16)

And the subsequent unknown joint angles θ∗3 and θ∗4 , required
to solve the forward kinematics in (1), are as follows:

θ∗3 = asin

(
y9 − y3√

A92 − (x9 − x3)
2

)
(17)

θ∗4 = asin

(
x9 − x3

A9

)
. (18)

1) Robot Inverse Kinematics: The inverse kinematics can
be solved in a similar geometric fashion as the forward kine-
matics. The solution involves working backward from the end
effector and progressively locating the unknown joints variables
θ∗7 and θ∗9 .

We are given the homogeneous transformation from the
robot’s base to the end effector

TBee =

⎡
⎢⎢⎢⎣

Rxx Ryx Rzx xee

Rxy Ryy Rzy yee

Rxz Ryz Rzz zee

0 0 0 1

⎤
⎥⎥⎥⎦ . (19)

The location of frame 9 can be found from the following link
transformation:

TB 9 = TBee · T−1
4ee · T−1

94 (20)

where the transformations T4ee and T94 are constant, as defined
in the forward kinematics (see DH parameters in Table III).

Fig. 5. Illustration of the geometric approach used to determine the
manipulator’s inverse kinematics. The dashed circle represents the path swept
by rotating the link labeled A7 about joint 9 (J9).

As shown in Fig. 5, the location of J7 can be determined by
looking at the circle described by rotating link A7 about J9. We
know that the y-coordinate of frame 7 must be located at –A5,
so we can solve the set of equations

(y − y9)
2 + (z − z9)

2 = A72 (21)

y = −A5 (22)

which gives

z =
√

A72 − (−A5 − y9)
2 + z9 . (23)

The location of frame 7 is therefore

(x7 , y7 , z7) = (x9 ,−A5, (23)) . (24)

The actuated joint variables can then be easily found from the
locations of the end effector and frame 7

d∗1 = −(zee + A3) (25)

d∗2 = −xee (26)

d∗5 = −z7 (27)

d∗6 = −x7. (28)

D. Fiducial Segmentation and Robot Registration

In order to locate the robot in the CT and MR image vol-
umes, fiducials were incorporated into the structure of the robot,
allowing fully automatic segmentation and registration. The two
planar fiducials were included on the insertion module, one near
the lower needle grip, and the other parallel to the first and 85 mm
above it. Each fiducial was an asymmetrical and multibranched
hollow shape machined into the robot’s structure. For CT imag-
ing, the shapes were left hollow, however, for MR imaging, they
were filled with soft PVC material, visible in both T1 and T2-
weighted sequences. PVC was used because the fiducials in this
prototype were difficult to seal and water-based solutions tended
to evaporate over time. As will be discussed in the Discussion
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Fig. 6. Image processing steps used for automatically segmenting the fiducials from the CT images. (a) Patient anatomy is cropped by finding the top of the
patient’s body using a rectangular region of interest scanned from bottom to top. (b) Transverse cut of a CT image showing the cropped result. (c) Coronal cut
showing the thresholded robot. (d) Volume-thresholded image showing three separate connected components with their centers marked with crosses. Coronal cut
showing the resulting segmented upper (e) and lower (f) fiducials.

section, PVC was ultimately not the ideal solution, as it was
affected by a chemical shift artifact in the MR images.

A segmentation routine was developed using a sequence of
basic image processing techniques, allowing the fiducials to
be found in standard CT and MR image volumes without the
need for any user interaction. The first step is to reduce the
volume size in order to speed up the subsequent steps and to
allow the technique to be used on a standard laptop computer.
The original 16-bit DICOM volume is therefore remapped to
8-bits and then the lower portion of the volume containing the
patient anatomy is removed [see Fig. 6(b)]. To do this, a search
region is swept up the central image slice from bottom to top
[see Fig. 6(a)], summing the pixel intensities and giving a total
intensity for each region. A sudden drop in the total intensity
is used as a threshold for distinguishing the top of the patient’s
body.

Once the image volume has been reduced in size, it can be
segmented. The cropped volume is therefore thresholded based
on calibrated low and high grayscale values [see Fig. 6(c)],
resulting in a black and white image containing numerous
groups of pixels that could all potentially represent both the
upper and lower fiducials. For CT images, the threshold range
lies between 0 and 10 since the fiducial is empty. For MR im-
ages, both T1 and T2-weighted, the threshold range is from 25 to
255 since the fiducial signal is surrounded by essentially empty
signals. Next, a connected components analysis is run on the
thresholded image volume, grouping together all the connected
white pixels. A volume thresholding is then done to exclude all

the components that are either too small or too large to be either
the upper or lower fiducials [see Fig. 6(d)]. The final step select-
ing from any remaining connected components, the two ones
for which the distance between their centers of mass is 85 mm
[see Figs. 6(e) and (f)]. The segmented fiducials can then be
extracted into a single mesh of points and the fiducial models
registered to them using the iterative closest point method.

Once the robot has been registered in the 3-D image, the
radiologist can select a target and a skin insertion point. The
motor positions required to align the needle with the target
insertion axis need to then be determined. Fig. 7 illustrates the
situation in which the needle is currently in a known position
N with respect to the image frame S. Its position is defined
by the transformation TSN and is determined from the fiducial
segmentation and registration routine described above. From the
robot’s forward kinematics, we also know the transformation
TRN from the robot’s frame R to the current needle frame N.
The transformation from the image frame to the robot frame is
therefore:

TRS = TRN · T SN−1
. (29)

We can now use this transformation to determine by how
much the motors must be moved to align the needle with the
target axis A. The target axis is defined in image coordinates
by the chosen target point inside the patient, which we will call

PS , and the unit vector
⇀

V S joining the target and skin insertion
points. We can express these in robot coordinates through the
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Fig. 7. Transformations between image (S), robot (R), and current needle (N)
frames that are required to determine how to position the robot’s motors in order
to align the needle with the target insertion axis (A).

following transformations:
PR = TRS · PS (30)

⇀

V R = TRS ·
⇀

V S . (31)

We can now find the intersection between the axis A and the
plane formed by the x- and z-axes of the robot frame, which
is where the robot’s end effector will have to be positioned. To
do so, we can define the axis A by the following parametric
equations:

x − PR
x = t ·

⇀

V x
R (32)

y − PR
y = t ·

⇀

V y
R (33)

z − PR
z = t ·

⇀

V z
R . (34)

Since the xz plane of the robot is at y = 0, we can solve for t

t = −
PR

y
⇀

V y
R

. (35)

Giving us the desired robot end effector coordinates in the
robot frame of reference

x = PR
x + PR

y

⇀

V x
R

⇀

V y
R

y = 0

z = PR
z + PR

y

⇀

V z
R

⇀

V y
R

y = 0. (36)

We can then use the robot’s inverse kinematics to determine
how to move the motors.

E. User Interface and Workflow

A user interface was designed for the system in C++
and using QT, VTK, ITK, and CamiTK [13]. CamiTK is
an open-source, multiplatform modular toolkit developed in

Fig. 8. (a) Block diagram showing the various elements making up the soft-
ware structure of the LPR robot. (b) Screenshot of the GUI used to control the
LRP system during the phantom tests, including an explorer toolbar, medical
image viewer, current state description and actions, and Next and Back buttons
to transition between states.

our laboratory and specifically designed for computer-assisted
medical intervention software prototyping. It consists of a com-
mon core onto which users can plug self-programmed exten-
sions, allowing them to be shared by others without the need for
reprogramming.

As shown in Fig. 8(a), CamiTK acts as the core of the LPR
software, linking all the various elements together and allowing
a number of data, mesh, and image components to be created.
The Robot component is a generic component that holds the
model of the fiducials and the current needle location. The Pa-
tient data component holds the information entered by the user
pertaining to the current patient or test. The Dicom image com-
ponent allows the images coming from the scanner to be opened
and visualized. Reference frames are attached to the three
visible components in order to allow them to interact together in
the GUI. A library of C++ classes was also written to control
this specific prototype, including a class for communicating with
the robot’s input/output card, a low-level motor class instanti-
ated as five Shinsei motors within a high-level robot class for
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Fig. 9. Photograph of the phantom constructed for the LPR system’s accuracy
tests.

controlling the robot as a whole. The latter class included control
commands, kinematics, and workspace definitions. This library
communicates with the generic Robot component, allowing its
methods to be accessed from the GUI by the user.

A GUI extension plugged into CamiTK was created that is
based on the Unified Modeling Language state machine concept.
It consists of a set of screens that each represents a stable state.
Transitions are defined to move between states, obliging the user
to follow the predefined protocol. The states and transitions were
translated into an XML document, which could then be fed into
the CamiTK state machine viewer. A sample screen is shown in
Fig. 8(b). The segmentation and registration routine described
in the previous section was programed into a CamiTK module
and was applied here as a single transition.

The goal of this software structure was to keep it generic and
modular in order to make it transposable to any future prototypes
of the robot.

III. METHODS

Phantom experiments were carried out to determine the accu-
racy of this new LPR prototype. They also allowed the feasibility
of the robotic protocol to be verified in preparation for tests on
humans. The experiments consisted of inserting a needle into
a gelatin phantom with numerous targets embedded through-
out. The phantom was constructed from the skeleton of an old
CIRS thoracic phantom, as pictured in Fig. 9. The structure
was sealed all around, leaving the top open, and a viewing win-
dow was created on one side. Seven millimeter diameter plastic
beads were strung throughout the interior on nylon thread, and
the phantom was then filled with alimentary gelatin and set
in the fridge overnight. Gelatin was used because of the very
low resistance required to puncture it with a needle, eliminating
needle bending and target motion issues. Once the gelatin was
set, 1-mm-diameter glass beads were distributed throughout the
phantom by inserting them through a hollow needle. The large

plastic beads were intended to represent more clinically feasi-
ble targets, while the small glass beads were used to provide a
more challenging target. The phantom was then placed within a
plastic frame upon which the robot could be solidly mounted.

The CT experiments were done using a Siemens Somatom
Sensation 16 CT scanner. The characteristics of all the per-
formed insertions are summarized in Table IV. A total of ten
insertions were done, six of these using the finest slice thickness
available on the imager (0.75 mm) and the rest using a coarser,
more clinically viable thickness (3 mm). All insertions done
with the fine images used the 1-mm-diameter glass beads as
targets. The insertions done with coarse images used the more
realistic-sized 7 mm plastic beads, along with one deep glass
bead target for the challenge.

The MRI experiments were done using a Philips Ingenia 1.5 T
wide-bore scanner, with a bore diameter of 70 cm. Only three
insertions were done, one using T1-weighted images and the
other two using T2-weighted images. It was not possible to
obtain further results because of availability constraints on this
hospital MRI machine. To improve fiducial visualization in the
scanner, in addition to the MRI’s main body antenna, a pair of
small doughnut-shaped Philips Flex M antennas were fixed to
the side of the robot. Due to the 5.3 mm image spacing of these
images, only the larger plastic beads were targeted.

The procedure used for all insertions was identical and con-
strained to the steps defined by the GUI state machine. The robot
was installed over the phantom on the scanner bed as shown in
Figs. 10 and 11. A first image was taken of the entire robot and
phantom. Random target and skin insertion points were chosen
in this first image. The robot moved the needle automatically to
the position above the insertion point. A second control image
was then taken for postexperiment analysis purposes only. This
second image was not used to readjust the needle position, as
the goal of the study was to determine the system’s accuracy
based on a single image, without any user-induced corrections
(i.e., the worst-case situation); it was only taken for postexperi-
ment analysis and to adhere to the defined clinical protocol. The
needle was then automatically inserted to the calculated depth
and a final high-resolution image was taken. The DICOM im-
ages created by the imager during the experiments were directly
passed to the robot control PC via a DICOM server. The needle
used in all the experiments consisted of a 2-mm-diameter car-
bon fiber rod, with its end sharpened into a conical tip. This was
used instead of a metallic needle in order to eliminate image
artifacts that would hinder the postexperiment analysis in both
modalities.

The accuracy measurements were done on the final image
of each test. In the CT tests, this image had the same charac-
teristics as images 1 to 6 in Table IV; in other words, a voxel
size of 0.67 mm × 0.67 mm × 0.6 mm. In the MRI tests, im-
age size and resolution were identical among all three images
for each experiment, as described in Table IV; in other words,
a voxel size of 0.73 mm × 0.73 mm × 5.3 mm for the T1
sequence and 0.88 mm × 0.88 mm × 5.3 mm for the T2 se-
quences. Measurements were done for all insertions on this final
image by manually segmenting the needle tip and skin insertion
points in the images at high zoom. These were then compared
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TABLE IV
SUMMARY OF THE CT AND MRI PHANTOM TESTS DONE WITH THE LPR SYSTEM

Image Target Insertion angle

Test # Sequence type Resolution (pixels) Pixel size (mm) Slice thickness (mm) Slice spacing (mm) Number of slices Type Depth (mm) Transverse Sagittal

CT

1 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 33 9.3° 0°
2 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 43 0° 0°
3 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 48 6.3° 0°
4 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 52 5.1° −13.3°
5 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 62 -8.6° 15.1°
6 Fine 512 × 512 0.67 × 0.67 0.75 0.6 501 Glass 88 0° 0°
7 Coarse 512 × 512 0.67 × 0.67 3 2 151 Plastic 27 2.9° −13.0°
8 Coarse 512 × 512 0.67 × 0.67 3 2 151 Plastic 51 0.7° 0°
9 Coarse 512 × 512 0.67 × 0.67 3 2 151 Plastic 73 −5.8° 0°
10 Coarse 512 × 512 0.67 × 0.67 3 2 151 Glass 92 0° 0°

MRI

1 T1 480 × 480 0.73 × 0.73 5 5.3 35 Plastic 27 −1.5° 0°
2 T2 480 × 480 0.88 × 0.88 5 5.3 35 Plastic 48 0° 0°
3 T2 480 × 480 0.88 × 0.88 5 5.3 35 Plastic 55 0.9° 0°

The tests are organized by slice spacing and increasing insertion depth. All image volumes consisted of transverse slices. The MRI images had the following additional characteristics:
T1-weighted (TR = 502 ms, TE = 10 ms, flip angle = 90°), T2-weighted (TR = 1158 ms, TE = 80 ms, flip angle = 90°). Transverse angles are in plane with the image slices and
sagittal angles are in the slice-thickness direction.

Fig. 10. Photograph of the phantom experiment setup in the CT scanner room.
The robot is placed over the phantom at the head of the scanner table. The motor
box is placed at the feet of the scanner table. The work area, including control
PC, control box, and a compressor were placed within the imaging room in
order to have a closer view of the robot motions during the experiments.

with the planned target and insertion points projected onto this
final image. This projection could be done because the final
image was taken in the exact same spatial configuration as the
first image, without moving the robot or phantom on the scanner
bed.

A visual check of whether the needle hit the target was also
done through the phantom’s window to give a visual qualitative
result of whether the target was hit. The distance between the
needle tip and the planned target position was measured, as was
the distance between the actual and planned insertion points. A
point high up on the needle was also segmented, allowing the
calculation of the resulting needle angles in the transverse and
sagittal planes. These angles were compared to their respective
planned angles.

The images acquired during the CT tests were also used to
analyze the accuracy and repeatability of the fiducial segmen-

Fig. 11. Photograph of the phantom experiment setup in the MRI scanner
room. Here, we see the robot and phantom within the scanner bore with the
motor box in the foreground well outside the tunnel and the two Flex antennas
installed on the side of the robot. The work area, including control PC, control
box and compressor were all outside the imaging room.

tation and registration technique. As can be seen in Fig. 12, the
measurement was done by looking at the imaging plane parallel
to each fiducial and comparing the actual visible needle position
to the registered needle position. Segmentation of the needle in
the image was done manually. A total of 16 CT images with a
slice spacing of 0.6 mm, and eight images with a slice spacing
of 2.0 mm were used. This registration error could not be mea-
sured in the MRI images because the needle was not visible in
air.

IV. RESULTS

The results of the CT and MRI experiments are shown in
Tables V and VI, respectively. Of the seven 1-mm-diameter
glass beads targeted under CT guidance, three were actually hit
by the needle. All 7-mm-diameter plastic beads were hit in both
modalities.
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TABLE V
RESULTS OF THE CT PHANTOM TESTS

Target Target error (mm) Angle error

Test # Image type Type Depth (mm) Hit? x y z E Transverse Sagittal

CT

1 Fine Glass 33 No 3.3 3.3 −0.6 4.7 1.5° −0.2°
2 Fine Glass 43 Yes 1.3 1.3 1.2 2.2 0.8° 0.4°
3 Fine Glass 48 No 2.0 3.3 0.0 3.9 0.8° −0.2°
4 Fine Glass 52 No 0.0 2.0 −3.0 3.6 2.0° −0.2°
5 Fine Glass 62 Yes 1.3 3.3 0.0 3.6 0.4° 0.2°
6 Fine Glass 88 No 3.3 6.0 0.6 6.9 1.5° 0.2°
7 Coarse Plastic 27 Yes 1.3 1.3 −3.0 3.5 0.6° −0.8°
8 Coarse Plastic 51 Yes −0.7 0.0 −0.2 0.7 0.1° −0.6°
9 Coarse Plastic 73 Yes −1.3 -0.7 0.6 1.6 −0.2° −0.4°
10 Coarse Glass 92 Yes 0.7 -0.7 2.4 2.6 0.6° 0.2°
Total Mean 1.1 ± 1.5 1.9 ± 2.1 -0.2 ± 1.7 3.3 ± 1.7 0.8 ± 0.7° –0.1 ± 0.4°

Target error is the distance measured between the segmented needle tip and the planned target position. Angle error is the angular distance between the segmented
needle axis and the planned needle direction. The x- and y-axes are the horizontal and vertical directions in the transverse imaging plane and the z-axis is in the
slice-width (tunnel) direction. E stands for the Euclidean distance. In the Image type column, Fine refers to the images with 0.6 mm slice spacing while Coarse
refers to the images with 2 mm slice spacing. Means and standard deviations are shown in bold font.

TABLE VI
RESULTS OF THE MRI PHANTOM TESTS

Target Target error (mm) Angle error

Test # Image type Type Depth (mm) Hit? x y z E Transverse Sagittal

MRI

1 T1 Plastic 27 Yes −0.7 −1.5 0.0 3.1 −1.5° 0.0°
2 T2 Plastic 48 Yes −1.8 −0.9 0.0 2.0 −1.6° 0.0°
3 T2 Plastic 55 Yes 0.4 0.0 0.0 0.4 −0.5° 0.0°
Mean –0.7 ± 1.1 –0.8 ± 0.7 0.0 ± 0.0 1.3 ± 0.8 –1.2 ± 0.6° 0.0 ± 0.0°

Fig. 12. Location of the needle (marked by arrow) with respect to the upper
fiducial in a CT image. The registered fiducial model is overlaid in red with
the registered needle location shown as a faint circle beside the white spot of
the actual needle in the image. Note the misalignment in the x-direction of the
visible white needle compared to the registered red needle, as explained in the
text.

In the CT experiments, insertion depths ranged from 30 to
90 mm. The overall mean error between the final needle tip lo-
cation and the planned target position was 3.3 mm ± 1.7 mm.
The overall mean error at the “skin” insertion point was
1.7 mm ± 0.9 mm. The overall transverse and sagittal angu-
lar errors were 0.8 ± 0.7◦ and −0.1 ± 0.4◦, respectively. The
total mean error in the y (depth) direction was the greatest, the
error in the x (transverse, horizontal) direction was also >1 mm,
while the error in the z-direction was fairly low. Naturally, since
the errors in the x-direction were larger than in the z-direction,
the transverse angle error (about the z-axis) was greater than
the sagittal (about the x-axis) error. Looking at the first six in-
sertions that used finely-spaced images, errors tend to increase
with depth, except for the first insertion, which was the farthest
away from the robot’s home position.

In the MRI experiments, the overall mean target error in the
transverse plane was 1.3 mm ± 0.8 mm, while the transverse
angular error was −1.2 ± 0.6◦. Note that the zero error in the
z-(slice-depth) direction, as seen at the bottom of Table VI, is not
representative due to the very large slice spacing of the images
(over twice the size of the needle’s diameter). This made any
needle tip errors in the z-direction impossible to distinguish.
The Euclidean error of the MRI results should not therefore be
compared to the CT results. To measure the z-error, we could
have either scanned the phantom after each needle insertion
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TABLE VII
MEAN ERROR BETWEEN THE REGISTERED NEEDLE LOCATION AND THE

NEEDLE SEGMENTED IN THE CT IMAGES

Registration error (mm)

Image resolution
(mm)

Fiducial x y z E

0.67 × 0.67
× 0.6

Upper 1.26 ± 0.29 −0.14 ± 0.34 −0.31 ± 0.37 1.39 ± 0.33

Lower 1.39 ± 0.19 −0.10 ± 0.18 −0.18 ± 0.23 1.43 ± 0.21
0.67 × 0.67
× 2.0

Upper 1.27 ± 0.35 −0.06 ± 0.25 −1.06 ± 0.85 1.86 ± 0.30

Lower 1.40 ± 0.17 0.03 ± 0.12 −0.66 ± 1.07 1.84 ± 0.22

with a CT scanner with fine slice thickness or we could have
done a high-resolution control MRI image after each insertion.
Unfortunately, we did not have sufficient time available on these
clinical machines to allow us to acquire these images.

Timewise, the procedure between the acquisition of the first
image and the acquisition of the final image was typically about
20 min for the CT experiments and on the order of 30 to 45 min
for the MRI experiments. The time for just the automatic fiducial
segmentation and registration procedure was on the order of
40 s for the biggest size CT images, and dropping to 3 s for the
smallest size MRI images. These times were measured on the
robot control laptop, which consisted of a 2.80 GHz Intel Core
i7 processor, 8 Gb of RAM and a 64-bit Windows 7 Professional
operating system.

The fiducial segmentation and registration accuracy measure-
ments gave the results shown in Table VII. The main registra-
tion error was in the x-direction (see Fig. 12 for direction). This
was an error found only after the phantom experiments and
consisted of an inaccuracy in the model’s distance between the
needle axis and the fiducial (constructed from the original CAD
model of the robot). The mean registration error over all the CT
images, including the large systematic error in the x-direction,
was 1.54 mm ± 0.33 mm.

V. DISCUSSION

The phantom experiments showed that the LPR system is
feasible as a potentially fast and reliable way of inserting needles
to varying depths in a patient, along any inclination both in and
out of the imaging plane and using the same procedure in both
CT and MRI modalities.

The desired accuracy of the LPR system depends on the min-
imal size of lesion that the system is likely to be used on. Lesion
size is not the only criterion used to determine whether a lesion
requires IR-based diagnosis or treatment. Other criteria, such
as lesion location, dispersion, density, appearance, growth rate,
patient symptoms, and patient history, are important in the clin-
ician’s decision. It is difficult, therefore, to pinpoint an exact
minimum lesion size that the system would be expected to deal
with, in particular because of the large array of IR procedures
accessible to the system. Since the needle trajectory often passes
near neighboring vital tissues, the needle’s orientation accuracy
is also important. According to our partner radiologists, the min-

Fig. 13. Segmented fiducials from images with swapped frequency and phase
encoding directions overlaid one (red mesh) on top of the other (gray mesh) to
show the chemical shift between them. A shift in the x- and the y-directions is
present, depending on the frequency encoding direction of each image.

imum size of lesion likely to be targeted using CT or MRI is
10 mm in diameter, although this depends highly on the organ
and clinical problem. Smaller lesions can be difficult to locate
in the images and are generally not considered clinically se-
rious enough to warrant invasive diagnosis or treatment. We,
therefore, chose a desired accuracy of less than 5 mm, which
would allow lesions with at least a 10 mm diameter to be suc-
cessfully targeted. The phantom experiments showed that both
the target and “skin” insertion point accuracies lay within this
5 mm objective for varying image resolutions, needle depths,
inclinations and for both CT and MRI guidance.

Although the 5 mm objective was achieved, a number of
sources of error were discovered during postanalysis that could
improve the system’s overall error. The systematic geometri-
cal error in the x-direction, described at the end of the Results
section could be easily rectified, improving the system’s final
accuracy. In addition, for the MRI tests, another important error
was discovered after completion of the experiments because the
PVC, oil-based fiducials were subject to a chemical shift arti-
fact. Chemical shift artifacts result from a slight difference in
a material or tissue’s resonant frequency, causing a miscalcula-
tion of its position in the frequency-encoding direction. Indeed,
an article was published on the subject in 1997 by Condon and
Hadley, specifically for soft PVC materials, showing a shift of
2.4 mm [14]. We did our own tests to determine the shift of our
fiducials by taking two identical images with their frequency
and phase encoding directions switched. We did this for both
the T1 and T2 images done in our experiments. Fig. 13 shows the
resulting segmented fiducials overlaid one on top of the other.
The shift of the fiducials’ centers of mass in the x(frequency
encoding)-direction are shown in Table VIII and are on the or-
der of 1.5 mm in T1 images and 2 mm in T2 images in the
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TABLE VIII
CHEMICAL SHIFT IN THE x-DIRECTION OF THE UPPER AND LOWER FIDUCIALS

Image type Fiducial Shift (mm)

T1 Upper −1.51
Lower −1.24

T2 Upper −1.94
Lower −2.28

The shift was determined by measuring the difference
between the centers of mass of the segmented overlap-
ping fiducials.

negative x-direction. This can explain the negative x-errors in
the MRI targeting results in Table VIII.

Experimental errors extrinsic to the actual system’s accuracy
also need to be considered when looking at the results. These
were primarily limited to the segmentation of the needle tip
in the final image. This segmentation was done manually and
was therefore prone to human error. It was dependent 1) on the
image resolution and 2) on the judgment made in choosing the
actual pixel that represented the needle tip. The image resolu-
tion could have caused an error of up to 1 voxel. The maximum
distance between two voxel centers in the fine CT images used
to segment the needle tips was 1.1 mm. In the MRI images,
as mentioned earlier, only the errors in the transverse slices
are representative. The image resolution error in the transverse
direction for the T1 and T2 images is 1.0 and 1.2 mm, respec-
tively. The judgment error in choosing the actual needle tip was
based on determining where along the length of the needle the
tip actually lay. The choice of needle tip typically spanned be-
tween at least 2 voxels. An estimate of the judgment error would
therefore be the distance between two voxels, i.e., the same as
the image resolution error. The total estimated RMS error in
the segmentation of the needle tip in the CT images is therefore
1.6 mm, while the error in the transverse plane of the T1 and
T2 images is 1.5 and 1.8 mm, respectively. These experimental
errors therefore play a large role in the overall 3.3 and 1.3 mm
accuracies measured during the CT and MRI experiments,
respectively.

With regards to the clinical pertinence of these experiments,
it is important to note that needle-tissue interaction effects were
not considered because the experimental protocol was based on
the same assumptions as those used by radiologists in the stan-
dard manual technique; that is, that the needle enters the tissue
without bending and without deforming the tissue. Corrections
for these interaction errors are done in an adaptive manner after
insertion, rather than predictively before insertion.

In addition, all the insertions were based on one single initial
image. No control corrections were done on subsequent images
to ensure that the needle was properly aligned with the desired
trajectory, which is not clinically reasonable. In reality, the sec-
ond image would be used to control the current needle position
with respect to the initial planned trajectory, and the position
would be corrected if deemed necessary by the radiologist. This
would have improved the system’s accuracy, depending on how
many corrections were made. Indeed, this is the strength of the
robot, because although it can do automatic motions, in the end,

the desired accuracy is chosen by the radiologist based on what
he or she sees and evaluates in the image. For these experi-
ments, however, we wished to determine the robot’s accuracy
alone, without any user input that would improve its chances of
doing better.

An important limitation to this study was the small number
of MRI insertions done. The CT and MRI tests were both done
in clinically active imaging machines, in between patients, and
MRI-time in particular was very limited. The goal of the MRI
tests reported here were to evaluate the preliminary feasibility
of using the robot and the clinical protocol in the MRI. Based
on these results, we were subsequently able to put in place an
official ethics-approved study in the MRI on human subjects
with dedicated MRI-time. The results will be described in a
subsequent publication.

Some improvements could be made to this prototype to fur-
ther improve its accuracy and reliability. First and foremost,
the manufacturing tolerances in the joints of this particular
prototype could be significantly improved, reducing play and
making joint calibration and repeatability much more accurate.
In a clinical setting, insertion forces would be greater than in
the gelatin experiments described, so joint rigidity would be an
important aspect to improve upon.

In addition, the use of Bowden cables to actuate the robot
means that inaccuracies due to cable stretch must be reduced.
These inaccuracies occur because as the motors start to pull on
the cables, there is a latency and inaccuracy in the subsequent
robot joint motion at the other end of the cables. This is caused by
the stretch of the cables and housing as they overcome the static
friction in the system. In the current prototype, the hysteresis
caused by cable stretch was mitigated by adding or subtracting
an offset distance to the motor position commands whenever
a change in direction occurred for each motor. This offset dis-
tance was calibrated for each motor prior to each experiment
by applying motions to the motors and measuring the resulting
difference at each prismatic joint with a caliper. Tests were done
to determine the accuracy and repeatability of the calibrated off-
sets by moving each joint to a same position a number of times
and taking manual caliper measurements. The results for the
four position motors were <0.5 mm. The fifth motor, used to
adjust the insertion depth, was verified by inserting a needle to
a depth of 80 mm at a stroke depth of 20 mm and the resulting
tip depth was measured. The accuracy and repeatability over 20
insertions was also <0.5 mm. Extrapolating these joint errors
down to a needle depth of 90 mm (maximum depth attained dur-
ing the phantom tests) would result in a needle-tip accuracy in
air of 2 mm. This accuracy could be improved by incorporating
an automated calibration routine that would allow to map the
offset amount throughout the robot’s workspace. Automation
could be done using a position tracker such as an NDI Polaris
optical tracker.

VI. CONCLUSION

In this paper, we describe a CT- and MRI-compatible IR
robot whose novelty lies in a number of aspects. First, its
multimodality greatly opens up its expected clinical benefit,
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providing radiologists with a versatile tool that can be used to
take advantage of both CT and MRI imaging particularities. Its
fixation on the patient’s body allows it to move with the patient,
improving safety and comfort. The use of offset motors allows
the robot structure to be lighter and less prone to image artifacts.
Its accuracy and fully automatic registration routine could allow
the robot to be used in more complex situations, in which out-
of-plane needle inclinations and close insertion tolerances are
required. It would also potentially reduce the number of images
required to reach the target, reducing the number of breath-holds
required by the patient, decreasing the radiation exposure in CT
interventions, eliminating the need for the radiologist to come
and go between the patient and the control room, and shorten-
ing the overall procedure time. Finally, with regards to MRI, it
could open up the possibility of doing interventions that cur-
rently are not technically feasible given the magnetic and space
constraints of standard MRI machines.
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