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Compact Robotically Steerable Image-Guided
Instrument for Multi-Adjacent-Point
(MAP) Targeting

Meysam Torabi, Rajiv Gupta, and Conor James Walsh, Member, IEEE

Abstract—Accurately targeting multi-adjacent points (MAPs)
during image-guided percutaneous procedures is challenging due
to needle deflection and misalignment. The associated errors can
result in inadequate treatment of cancer in the case of prostate
brachytherapy, or inaccurate diagnosis during biopsy, while re-
peated insertions increase procedure time, radiation dose, and
complications. To address these challenges, we present an image-
guided robotic system capable of MAP targeting of irregularly
shaped volumes after a single insertion of a percutaneous instru-
ment. The design of the compact CT-compatible drive mechanism
is based on a nested screw and screw-spline combination that ac-
tuates a straight outer cannula and a curved inner stylet that can
be repeatedly straightened when retracted inside the cannula. The
stylet translation and cannula rotation/translation enable a 3-D
workspace to be reached with the stylet’s tip. A closed-form in-
verse kinematics and image-to-robot registration are implemented
in an image-guided system including a point-and-click user inter-
face. The complete system is successfully evaluated with a phantom
under a Siemens Definition Flash CT scanner. We demonstrate that
the system is capable of MAP targeting for a 2-D shape of the let-
ter “H” and a 3-D helical pattern with an average targeting error
of 2.41 mm. These results highlight the benefit and efficacy of the
proposed robotic system in seed placement during image-guided
brachytherapy.

Index Terms—Computer-assisted surgery, image-guided ther-
apy, prostate intervention, steerable needles, surgical planning.

1. INTRODUCTION

URGICAL needles are widely used for biopsy and treat-
ment of cancerous tissues; however, because of mechani-
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cal limitations, the needles have a narrow coverage zone and
poor maneuverability even with lateral/vertical base manipula-
tion [1], [2] and tissue manipulation [3].

Needle-based surgeries have advanced significantly in recent
years with new technology developments in the areas of robotics
and imaging. For visualization of the target tissue, X-ray com-
puted tomography (CT) imaging provides high-contrast resolu-
tion with low noise as long as dense materials (e.g., metallic
objects) are kept out of the imaging plane. CT-guided procedure
workflows are desired to function with a minimal amount of
imaging so as to minimize dosage for the patient. Compared
with CT, magnetic resonance imaging (MRI) provides excellent
tissue contrast and high resolution; however, the magnetic field
imposes serious limitations and challenges in material selection
and electromechanical design—in particular with actuators and
electronics [4], [5].

Ultrasound (US) imaging is more accessible than CT and
MRI, however, it produces lower quality images; it is also chal-
lenging to have continuous alignment of the needle within the
imaging plane for its complete visualization during insertion [6].

One of the most prevalent needle-based procedures is image-
guided brachytherapy, in which small radioactive seeds are de-
ployed through a needle and permanently implanted into a tu-
mor, as shown in Fig. 2. Likewise, prostate biopsy utilizes sur-
gical needles to sample the selected regions of the prostate.
Currently, both brachytherapy and biopsy are mainly performed
free-hand, which limits the level of accuracy and reliability. The
most common modality in prostate interventions is US imaging
(e.g., [7], [8]), owing to its real-time nature; however, because of
its poor resolution, the radioactive seeds are not well visualized
in US images [4].

Typically, the targeting accuracy required for a given proce-
dure depends on the specific clinical application. In high-dose
rate brachytherapy in tandem and ovoid implantation procedures
for patients with uterine or cervical cancer, high-level accuracy
is required in order to ensure a uniform dose distribution. Tar-
geting more deeply situated locations is more challenging than
those close to the surface because small angular misalignments
of the needle result in a large lateral displacement of its distal tip
because of the need to pivot about a point at the skin surface. Fur-
thermore, once inserted deep into the tissue, repositioning the
distal tip of a straight percutaneous instrument is difficult, if not
impossible, because of tissue-interaction forces along its length
that resist its pivoting motion. Thus, if the needle is incorrectly
placed, a radiologist is forced to retract it and attempt to reinsert
it along the correct trajectory. This problem is exacerbated when
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Fig. 1. Computer-aided drawing representation of the robotically steerable
percutaneous instrument that can target multiple adjacent points in a volume in
the soft tissue after a single needle insertion.

Fig. 2. CT-guided interventional procedures on the prostate. (Left) Two nee-
dles inserted bilaterally performing transgluteal prostate biopsy [11], [12].
(Right) Multi-adjacent seeds closely implanted within the prostate gland [13].

multiple adjacent points have to be targeted as in brachytherapy
(see Fig. 2), because multiple needle insertions are typically
required. One important consequence of these difficulties is that
the procedures can become quite iterative and time-consuming
and, therefore, require multiple scans, and an increased radiation
dose and procedure time for the patient [9]. Therefore, there is a
need for instruments that can accurately reposition the distal tip
of an interventional tool to target multiple-adjacent points after
a single needle insertion into the body.

Fig. 2 shows CT images that were acquired during interven-
tional prostate procedures. The left figure shows two needles that

are placed in the prostate for biopsy, and the right one shows
the distribution of multi-adjacent brachytherapy seeds inside
the prostate. From the right figure, it can be seen that there is
some randomness to the distribution of the seeds. Inaccuracy in
seed delivery not only degrades the prostate cancer therapy but
can also impose side effects such as erectile dysfunction, uri-
nary retention, incontinence, and rectal injuries [10]. One may
note that the accuracy in biopsy may be even more crucial than
brachytherapy, since the radioactive seed placement is typically
planned according to the biopsy results.

A. Prior Work

Over the past two decades, a number of medical robots have
been developed in an attempt to improve needle placement in
the soft tissue.

These robots are mounted on the CT scanner bed [14]-[16]
or on the patient [17]-[19]. The majority of these manipulators
provide a remote center of rotation so that the robot can pivot
about the skin surface [20]-[23].

More recently, researchers have developed needle-steering
robots to control the trajectory of the needle as it is inserted into
the tissue. The two main strategies that have been employed to
achieve higher maneuverability utilize asymmetric forces at the
needle tip (e.g., due to bevel) [24]-[27] or rotation/translation
of concentric precurved tubes [28]-[32].

The typical application for a bevel tip approach is when the
needle must take a curved trajectory to avoid any obstacles and
intersect targets along the way. A range of curved trajectories
can be achieved by controlling the amount of time that the
bevel spends in a particular orientation by rotating the needle
in a spin-stop-spin-stop manner [25], [27]; however, bevel-tip-
based approaches rely on a reaction force from the tissue to
achieve steering; hence, steering is strongly dependent of the
mechanical properties of the tissue, which is naturally inhomo-
geneous, and the needle. For prostate biopsy, it has previously
been reported that the different layers of the tissue may limit the
accuracy of needle placement due to nonuniform tissue stiff-
ness [33]. For bevel-tip devices, the ability to steer and control
the device is thus a function of both the geometry and mate-
rial properties of the needle and tissue, and their interactions.
Trajectory planning and target tracking algorithms have been
developed and, as would be expected, have shown different be-
haviors in real and artificial tissues [34]. In the future, real-time
imaging feedback may be used to improve controllability for
these systems; however, the bevel orientation angle, which is
the basis for steerability of this type of approach, cannot, at the
moment, be measured. Therefore, alternative sensing is required
to keep track of the needle-tip orientation.

An alternative to bevel-tip-based steering is to have a curve
set into the distal tip of the needle to provide directionality to
needle insertion [35], [36]. This approach has also been extended
to applications using multiple concentric precurved tubes, which
have the potential to increase control and accuracy because their
planning is less dependent on tissue properties.

In 2006, Sears and Dupont [32], and Webster et al. [37] con-
currently proposed this approach. The two groups also studied
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the effect of external loads on the body of the tubes [31], [38].
Dupont et al. proposed a kinematic model that computed the
resultant shape of an arbitrary number of tubes [39]. His group
later modeled the frictional torque that is caused by the concen-
trated bending moments to improve the kinematic model [40]
and presented closed-form inverse kinematics of the concentric
tubes with constant curvatures [41]. Rucker and Webster im-
proved the kinematics of the concentric tubes by accounting for
torsional effects [42] and then extended the kinematic model
to an unlimited number of tubes. They reported that the effect
of torsion was required to determine active cannula bifurcation
behavior and physical shape [28], which affects the targeting
accuracy.

Another advantage of steerable needles is their multiple-
target planning ability as mentioned in the literature [43]-[45].
Some recent experimental studies have evaluated the targeting
accuracy of this concept, including Swaney et al. who eval-
uated the targeting accuracy of a concentric tube under 3-D
US guidance [46], and Burgner et al. who tested a manually
driven concentric tube using 2-D US [47]. Su et al. presented an
MRI-compatible piezoelectrically actuated concentric tube [48],
where they utilized an optical tracking system to evaluate the
tip placement accuracy.

Much attention has been given to multi-degree-of-freedom
bevel-tip-based and concentric precurved tube steering sys-
tems. They have been designed to navigate to arbitrary locations
within the body through the use of large drive mechanisms that
rotate and translate multiple concentric tubes. However, there
has been less attention given to systems that have fewer degrees
of freedom with more compact drive mechanisms. Webster et al.
built a compact two degrees-of-freedom mechanism that could
advance and rotate a needle better than an unaided human [49].
The needle was gripped between two rollers that drove needle
advancement, and the rollers were rotated by a gear driven by a
second motor. While simple and compact, this mechanism suf-
fered from needle slippage in the traction drive and the authors
felt that torque measurement would be necessary for accurate
control. Salcudean et al. developed a compact mechanism that
enabled active needle steering during insertion [29], [30] to cor-
rect for targeting errors. The device employed a stylet that was
longer than the cannula so that up to 2 cm of the stylet’s tip
(which had a mild curve) could be selectively exposed. Two
motors provided actuation; the steering direction was selected
by rotating the stylet, and the steering rate was selected by con-
trolling the amount that the stylet curve is exposed from the
cannula.

When designing these compact lightweight systems that move
curved stylets relative to straight cannulae, the requirements for
the actuators are important so that they may be sized appropri-
ately. Previous work by our team has experimentally measured
the force as a function of various stylet and cannula geome-
tries [50]; these data can be used to guide the design of compact
drive mechanisms. Additionally, it would be beneficial to deter-
mine how differences in needle geometry and curvature affect
certain aspects of the kinematics (e.g., exit angle) and stylet
deflection in the tissue in order to select optimum system pa-
rameters for navigation.
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In prostate interventions, inaccuracy in targeting stems from
a variety of factors: a discrete area of insertion that is imposed
by a rigid template with fixed hole spacing [10], needle deflec-
tion [33], tissue deformation [51], tissue motion during the in-
tervention [52], [53], prostate swelling after the intervention [4],
and poor visualization [52]. Currently, a template guide with an
array of 169 holes is used, which is intended to guide parallel
placement of needles with no angulation. Recently, Song et al.
proposed a motorized template to specify the insertion position
with improved resolution; however, insertion was performed
manually [33].

B. Contribution

The robotic system that is presented in this paper uses a
compact CT-compatible robust drive mechanism to steer a de-
livery needle that can deposit seeds through a hollow stylet
in soft tissues. The robot specifications and proposed work-
flow were developed to be compatible with current prostate
interventions. Mechanical design details of the robot were pre-
viously reported in [50], and [54]-[56], and in this paper, a
closed-form inverse kinematics formulation is presented that
models cannula deflection in addition to the clearance between
the outer cannula and the inner stylet. An image-to-robot regis-
tration method is described that does not need an external reg-
istration frame but rather requires three pairs of feature points
directly on the interventional tool. All of the aforementioned in-
dividual components were integrated and united into a custom
image-guided-therapy (IGT) module in 3-D Slicer (National
Alliance for Medical Image Computing, USA). Experimental
trials for MAP targeting in a tissue-like environment were per-
formed, demonstrating an average targeting error of 2.41 mm.

II. ROBOTICALLY STEERABLE INSTRUMENT

In this section, we present the mechanical design of the com-
pact robotic tool, which is capable of repositioning the distal
tip of a percutaneous instrument to reach multiple adjacent tar-
gets with a single insertion of the tool. The mechanism offers
three degrees of freedom: translation of an inner stylet that has
a precurved distal portion, and translation and rotation of a con-
centric outer cannula, which allows the stylet to be substantially
straightened when retracted inside the cannula. A computer-
aided drawing of this robotically steerable percutaneous instru-
ment is shown in Fig. 1.

The first step in the design process was to determine the func-
tional requirements, which was performed in collaboration with
clinicians. The robot, while lightweight and CT-compatible, was
required to provide a sufficient force to insert the cannula into
the tissue by the three degrees of freedom with 1-mm transla-
tion and 1° angular accuracy. In order to address the sterility,
the robot components were chosen to be low cost so that the
entire device could potentially be disposable. Additionally, the
minimum required targeting accuracy was determined to be
5.2 mm as this has been reported as the size of insignificant tu-
mors in the prostate [57]. Furthermore, in another clinical study
of prostate biopsy, the manual targeting accuracy was reported
as 6.5 mm [58]. Hence, a robot device must demonstrate an
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Fig.3. (Left) Quench fixture with straight nitinol wire assembled. (Right) Test
fixture for moving a stylet relative to a fixed cannula. It can be attached to an
Instron machine and accepts a variety of cannula and stylet geometry.

improved accuracy compared with these values that are as-
sociated with manual interventions in order to be considered
beneficial.

A. Stylet Design and Manufacture

The important dimensions pertaining to the design of the
steering system are the stylet total bend angle, the stylet radius
of curvature, and the diameters of the stylet and cannula. These
dimensions determine the working volume that can be targeted,
the necessary material constraints, the forces necessary to move
the stylet relative to the cannula, and the stiffness of the stylet.
Previously reported results of the force required for insertion
into the soft tissue ranges from 2.3 to 15.6 N [59], [60] and
depend on the size and type of needle used. In particular, it
is worth mentioning that, in transperineal brachytherapy, the
average force needed to navigate 17 and 18 G needles in the
prostate was measured to be 6 and 5 N, respectively [60], which
is within the aforementioned range. From simple beam bending
mechanics, the longitudinal strain in the stylet was calculated
for typical stylet and cannula geometry and it was determined
that the stylet must be constructed from a superelastic material.
A set of experiments was planned to determine the maximum
force that is required to retract a curved nitinol stylet into a
straight cannula. Using the fixture, 16 stylets with bend radii
ranging from 1040 mm and diameters of 0.508-0.990 mm
were fabricated, and then tested with 14, 16, 18, and 20 gauge
cannulas in the experimental setup that is described in [50]. A
nitinol wire was obtained in a straight form (Forte Wayne Metals,
Fort Wayne, IN, USA) and heat treatment was used to impart
a curve into the distal end, using a previously reported method
[14] that involved evenly heating the material to an annealing
temperature of 550 °C and maintaining it at that temperature for
3 to 15 min until internal stresses have been relieved, which was
followed by a quenching operation to preserve the material in the
desired austenitic phase. The quench fixture, shown on the left
in Fig. 3, was designed and built for this purpose, and provided
the minimal thermal resistance to ensure rapid quenching.

The ranges for the deployment and retraction forces were
found to be 0.2-7.0 and 0.3-14.0 N, respectively. In Fig. 3, on
the right, the test fixture is shown, which was used to run the
experiment to move the stylet relative to a cannula.

To understand the behavior of cannula and stylet insertion
into the soft tissue, a number of bench level experiments were

TABLE I
MEAN TARGETING ERRORS FOR VARIOUS STYLET DIAMETERS AND RADII OF
CURVATURE
Stylet Geometry R=10.85 [mm] R=21.55 [mm] R=31.72 [mm]
d =0.635 [mm] 3.34+£0.77 1.61+0.61 296+2.16
d =0.838 [mm] 326+1.03 127+0.72 247+ 1.41

performed as described in [54]. In order to mimic real tissue,
a phantom made from Vyse Ordnance Gelatin (Gelatin Inno-
vations, Schiller Park, IL, USA) was utilized, since a properly
calibrated 10% ordnance gelatin would reliably simulate the tis-
sues [61]. It is worth mentioning that this type of gelatin has
been recently used in the literature to develop a prostate phantom
because of its similarity to the prostate tissue [62].

The experiments were performed for two different stylet di-
ameters (i.e., 0.635 and 0.838 mm) and three different radii of
curvature (i.e., 10.8, 21.5, and 31.72 mm). The positional infor-
mation of the tip of the stylet was recorded and analyzed using
MATLAB (Mathworks Inc., Natick, MA, USA).

This experiment was repeated a number of times for three
different cannula axial positions and repeated with the cannula
rotated 180°. Therefore, for each stylet, six data points were
collected. The tip of the stylet was predicted using a series of
homogeneous transformation matrices as described in [55]. A
summary of the mean and standard deviations of the differences
between the analytical and experimental data is shown in Table I.

Based on these results, it was determined that while some
stylet deflection was observed, the amount was sufficiently small
compared with our desired targeting accuracy discussed earlier.
One interesting observation during the experiments was that as
the cannula’s tip translated downward, the cannula followed a
slightly curved path in the tissue because of its slightly curved
shape and resultant asymmetric forces on it. Thus, the targeting
accuracy will be affected by both the deviation of the cannula
because of tissue interaction forces, in addition to that of the
stylet.

B. Mechanism Design

The mechanism design, constructed largely of plastic com-
ponents for CT compatibility, is shown in Fig. 4. As mentioned,
the device has a protruding cannula holding a preassembled
stylet with a curved distal tip. The proximal end of the cannula
is attached to the distal end of a hollow screw-spline, and the
proximal end of the stylet is attached to the distal end of a screw,
nested inside the screw-spline. Each attachment is achieved via
aluminum-threaded inserts that are bonded to the proximal end
of the shafts.

The screw-spline is a custom plastic ACME-threaded screw
that also has a splined groove along its length. It is function-
ally similar to the ball-screw spline that is produced by THK
(Schaumburg, IL, USA) that has been used in SCARA robots
(e.g., EPSON RS3-Series, EPSON Robots, Carson, CA, USA)
and other robotic applications in which the combination of trans-
lation and rotation are required in a compact design [63].

Fig. 4 shows nuts 1 and 2 engage the screw threads and
spline, respectively. Nut 1 has a bore that is threaded to match
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Fig. 4. Sectional view of the drive mechanism. A spline nut and screw nut
engage the spline and threads of the screw-spline, respectively. Another threaded
nut engages the screw that rides inside the screw-spline.

TABLE II
MODES OF OPERATION OF SCREW-SPLINE MECHANISM

Cannula Movement
Translation Rotation

Input
Screw Nut  Spline Nut

Mode
@ o, 0 v=afp, 0
@ =, @, 0 @y

% 0 @, v=co2%” @,

the lead of the screw, and nut 2 has a slot broached into the
inside diameter that allows a small plastic 1.5-mm-wide key to
be inserted. This key then engages the splined groove on the
cannula screw-spline.

By appropriate control of the two nuts, three modes of oper-
ation of the screw-spline, and hence the cannula, with respect
to the casing could be obtained as shown in Table II. The helix
mode is not required for this application.

Translation of the stylet is achieved with the aid of a second
ACME-threaded screw with a splined groove. A keyed feature
on the inside of the screw-spline mates with the splined groove
to constrain it from rotating with respect to the screw-spline, as
shown in Fig. 4. The cannula screw-spline is capable of 360° of
rotation, and the axial travel of both the cannula screw-spline
and the stylet screw are 40 mm. The cannula’s length is 13.5 cm
to enable MAP targeting deep within the body, and the length
of the stylet was selected so that it passes through the stylet
screw and is accessible outside the casing. The stylet’s base is
hollow and attached to a cone-shape plastic container that can
accommodate seeds. Fishing line can be used to push the seeds
and release them from the stylet’s tip into the medium. This
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Fig. 5. Prototype of the robot. The stylet is shown in its deployed position. A
quarter is shown for scale.

simple mechanism allowed an unlimited number of seeds to be
deployed during the validation experiment.

A cylindrical precision ground tube (McMaster-Carr) housed
all of the components. The system height and diameter were 15
and 5 cm, respectively, with a weight of approximately 180 g.
An image of the prototype is shown in Fig. 5.

C. Mechanism Actuation and Transmission Selection

To simplify control, microstepper motors were chosen to ac-
tuate the nuts of the screw-spline and screw. As can be seen in
Fig. 4, each of the nuts has an integral flange with spur gear teeth
that mates with a spur gear attached to the gearhead shaft. Al-
though not CT compatible themselves because of their metallic
construction, two of the motors (for the screw-spline) are posi-
tioned so as to yield a metal-free scan plane. The third motor to
actuate the stylet screw is also positioned away from the center
of the device; however, depending on the rotational position of
the screw-spline, it can occasionally show up in a CT image.
Neglecting friction forces arising from bearings, the general
equation to calculate the torque to raise a load and overcome
frictional forces due to sliding contact between the threads is

Fd,, (l + mud,, seca)

T:
2 wd,, — ulseca

ey

where F'is the desired maximum force, d,, is the pitch diameter
of the lead screw, [ is the lead, p is the coefficient of friction
between the threads, and « is the ACME thread angle (i.e., 29°).

Using a simple sliding test, the coefficient of the sliding fric-
tion of Acetal on Acetal was found to be 0.2. An ACME screw
is not back drivable if the effective coefficient of thread friction
is equal or greater than the tangent of the helix angle, i.e.,

l
d,, seca’

w> (2)

Thus, by choosing an appropriate lead and diameter for the
screws, the cannula can retain its axial position when the stylet
is being translated and vice versa.

A lead of 1/16 in (1.5875 mm) was chosen for the stylet
screw and the cannula screw-spline. A stylet screw diameter
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TABLE III
SUMMARY OF THE TRANSMISSION CHARACTERISTICS FOR THE CANNULA
SCREW-SPLINE AND STYLET SCREW IN ORDER TO ACHIEVE THE DESIRED
FORCES OF 15.6 AND 29.6 N, RESPECTIVELY

Screw-Spline | Screw
Torque Required [Nmm] 23.9 28.1
Maximum Stress [MPa] 0.7 6.9
Efficiency [%] 15.9 26.6
Backdrivability NO NO

of 6 mm was chosen so that its bending stiffness would be
sufficient for prototyping on a lathe. The screw-spline diameter
was chosen to be 11 mm so that it just allowed the stylet screw
to concentrically nest inside it. A summary of the results of the
design calculations for the cannula screw-spline and stylet screw
is shown in Table III. The table summarizes the transmission
characteristics for the cannula screw-spline and stylet screw to
achieve 15.6 and 29.6 N, respectively, where 15.6 N is the force
that is needed to insert the cannula into the tissue, and 29.6 N
is the total force to move the stylet relative to the cannula and
insert the cannula into the tissue.

The stepper motors and gearheads that were selected for this
application were of 10-mm diameter (AM 1020, MicroMo Elec-
tronics, Faulhaber Group, Clearwater, FL, USA). The motors
have a holding torque of 1.6 N-mm, and hence, a two-stage
planetary gearhead with 16:1 reduction was chosen to meet the
torque requirement. There was also a further gear reduction
between the gearhead shaft and the nuts for the cannula screw-
spline (2:1) and stylet screw (1.875:1). The stepper motors have
a step angle of 18°, and therefore, this gear reduction also yields
a minimum step angle for the screw-spline of just over half a
degree (18/32), fulfilling the design specifications. The holding
torque at the screw-spline nut was selected so as to constrain the
screw-spline from rotating when desired.

The nuts for the screw and screw-spline were manufactured
from off-the-shelf Acetal spur gears (SDP-SI, New Hyde Park,
NY, USA); 24-mm-pitch diameter for the cannula screw-spline
nut and 22.5-mm-pitch diameter for the stylet screw nut. Stain-
less steel spur gears with a pitch diameter of 12 mm (SDP-SI,
New Hyde Park, NY, USA) were used to transmit the power
from the planetary gearhead to the plastic spur-gear nuts.

III. KINEMATICS

The location of the instrument’s tip inside the working vol-
ume depends on the relative position and orientation of the
cannula and stylet whose interaction leads to various curvatures
when penetrating the tissue. Since the degrees of freedom of
the device consist of cannula translation (z.), cannula rotation
(6..), and stylet translation (z; ), the forward kinematics will es-
tablish a mapping between the input vector (6., z., ;) and the
output vector as the location of the stylet’s tip (Zyip, Yiip, 2tip )
which ideally has overlap with the target or its vicinity. Once
the orientation angle of the cannula 6, is determined, the kine-
matics problem switches to a set of 2-D equations in a new YZ
plane that has been rotated by 6. about the Z-axis. The new YZ
plane is where the two other parameters of the robot (z., zs)

(xy,2) m 0 ®
7} (092 1T © o
z
z. .
y skin
__________ P
X P
(a) (W] \
Fig. 6. (a) The cannula and stylet without the cannula deflection and the stylet

exit angle, along with the associated parameters in the cylindrical coordinates.
(b) Various relative positions of the cannula and stylet when penetrating tissue.
While the curvature of the stylet is constant, the deflected part of the cannula
demonstrates variable curvatures.

TABLE IV
PARAMETERS USED IN THE KINEMATICS FORMULATION

Definition Name Preset value
Total length of cannula [cm] Leotal 13.5
Cannula insertion [cm] Z 0.0
Maximum cannula insertion [cm] znax 4.0
Stylet insertion [cm] Zg 0.0
Maximum stylet insertion [cm] znax 4.0
Stylet radius [cm] R 5.6
Deflected-cannula radius [cm] Ry ©
Shared portion of cannula and stylet [cm] Ly znx
Cannula rotation angle [rad] 6, —-T~T
Angular displacement of deflected cannula [rad] 6,4 0.0
Angular displacement of stylet [rad] O 0.0
Minimum length of straight portion of cannula [cm] Zfixed Liotar — 28 .

oz

are investigated. This assumption is beneficial and helpful to
simplify the modeling problem. In addition, the fact that there
is no rotation/spinning inside the cannula, avoids any concern
about synchronizing the tip and the base of the instrument either
in torsional-compliance compensation or in lag-time reduction,
as they have previously been shown to affect the formulation of
the kinematics of such systems [64].

If the cannula is rigid relative to the stylet, and the cannula’s
inner diameter and the stylet’s outer diameter are nearly equal, a
straightforward formulation in cylindrical coordinates can rep-
resent the kinematics [see Fig. 6(a)], as presented in [55].

However, as shown in Fig. 6(b), while the curvature of the
stylet is constant, the cannula will be deflected and its shape will
be a function of the relative positions of the stylet and cannula.
To account for this deflection and the stylet exit angle, a more
realistic and accurate model was derived. The parameters that
are used in the kinematics modeling are defined in Table IV.
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Fig. 7. Cannula and stylet before and after the insertion. The origin, the three

nonoverlapping regions, the constant parameters, and the control variables, used
in the kinematics formulation, have been shown.

A. Forward Kinematics

The modeling approach proposes the working YZ plane to be
split into three nonoverlapping regions. The three regions and
corresponding parameters that are assigned to each of them are
shown in Fig. 7. The regions are classified based on the position
of the cannula and stylet during the insertion task.

Region Iis bounded from the bottom by the base of the curved
portion of the stylet inside the cannula. The length of the total
region changes during the insertion task and, as shown on the
left in Fig. 7, it is equal to Lyota1 — Lo-

Region II is bounded from above by region I and by the
insertion point from below. Region III is defined as that part of
the cannula—stylet that would be inside the body and is bounded
from the bottom by the location of the stylet’s tip.

The portion of the cannula that starts from the origin (i.e., )
and ends at P; (see Fig. 7) is always straight and never undergoes
any deflection when the cannula has the stylet inside it. Since
Ly is the segment of the cannula, which can include the whole
length of the stylet, it requires that 2" ** > z***. When the stylet
is retracted inside the cannula, the cannula is deflected, and the
radius of this curvature is a function of material characteristics
of the stylet and cannula as well as the radius of the stylet [37].
Defining R, as the radius of the deflected cannula’s curvature
during the interaction of the cannula and stylet, the location of
the cannula’s tip, shown by P; in Fig. 7, relative to the origin
will be

yp, = Rq (1 — cosby) (3
2p, = —Zfixed — (25" + 2. — Lg) — Rgsinfy  (4)

where 9d = L()/Rd.
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Fig. 8. Interaction of the deflected cannula and the curved stylet at the tip of
the cannula causes an angle that directly affects the final location of the stylet’s
tip. While the cannula’s curvature varies, ¢ is a constant angle.

It is worth mentioning that when the cannula starts to pen-
etrate into the tissue, the stylet is entirely inside the cannula,
and hence, the cannula has its maximum curvature; however,
when the cannula translation and rotation are complete and the
stylet is initially deployed from the cannula, the cannula will
have a tendency to straighten, although the tissue may resist this
somewhat.

As demonstrated in Fig. 8, the gap between the external body
of the stylet and the internal body of the cannula prevents the
stylet from exiting parallel to the tangent line of the cannula’s
tip, as mentioned in [65]. This angular difference is defined as
o in Fig. 8. By assuming that the stylet maintains its curvature
before becoming tangent to the internal body of the cannula, the
following expression for ( can be obtained:

@:gfsinfl (1‘%). 5)

This formulation implies that ¢ does not vary as a function
of the relative position of the cannula and stylet. Furthermore,
the aforementioned formula is consistent with the fact that if
the internal diameter of the cannula is equal to the external
diameter of the stylet, the stylet leaves the cannula tangential to
the cannula’s tip, and ¢ will be zero. Additionally, if d. < d;,
which is physically impossible, the formula has an imaginary
solution.

It can be shown that if ¢ was neglected, the amount of inac-
curacy on the tip of the stylet would be calculated by

e, = 4Rsin22—;%sin (%) (6)
which is computed for a case study in Section VI. Fig. 9(a),
where  is shown in yellow (darker area), shows that the absolute
angle with which the stylet leaves the cannula is 6; + ¢.

Therefore, the absolute angular displacement of the cannula
and stylet will be 6; + ¢ + 6, which is the approach angle of
the stylet toward the target.

Finally, the absolute position of the tip of the stylet relative
to the origin, (YstyleTips ZStyleTip ), 1S Obtained by

YStyleTip =
Ri (1 —cosby) + R(cos (¢~ 0q) —cos (@ + 04 +65)) (7)
ZStyleTip —
R(sin(p+ 64+ 65) —sin(p 4+ 04)) — Zfixed
— (d3™ — Ly + z.) — Rysinb,. )
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Fig.9. (a) Angular and translational displacement of the stylet. (b) Clearance

between the stylet and cannula needs to be considered in the kinematics in order
to accurately predict the location of the tip. [(a) and (b) are shown in the same
CS.]

To conclude Section III-A, one more factor needs to be added
to the model. As shown in Fig. 9(b), while the location of P,
is the center of the cross section of the cannula’s tip, Py is the
actual exit point of the stylet. The stylet displacement between
P, and Pj, which is projected on Y- and Z-axes, is

d(‘ - ds . dc - ds
Ay = 'T‘smﬂ,;, Az =

cosfy. ©))

Due to the geometry of the problem, if this axial offset is
neglected in the kinematics, the actual tip of the stylet will be
thus offset by Az? + Ay? from the cannula’s tip. It is worth
noting that this offset is a fixed value for a given cannula and
stylet, while the error because of the cannula deflection depends
on the overlap of the stylet and cannula as well as target depth,
and consequently is a function of the target location.

The final answer will be obtained by rotating ¥s¢yieTip and
ZstyleTip» Which is formulated in (7) and (8), by —,. around the
7 -axis back to the original YZ plane.

B. Inverse Kinematics

In order to position the tip of the stylet within the tissue toward
a desired target, an inverse kinematic model is required. Starting
from the forward kinematics formulated earlier in (7) and (8),
and rearranging it, the following equations are obtained:

Yrarget & + cosy = —Fa cos by + cos (04 +¢)  (10)
R R
arget D . - L . .
Zt(R“’t JrEJrsmfy: R sinfy +sin (0 + @)  (11)

where R and R, are radii of the stylet and the deflected cannula,
respectively, and v and D are defined as

Max

Max
z — R40
SR e

Y=ol ——p ; — Lo+ z.
(12)
For the purpose of obtaining the closed-form formula for the

stylet insertion length, namely z;, (10) can be rewritten as

Rd 9(21 902 Ytarget o
(R1)2<,09d+ 1-——-Z=—"—7——cosy| =0

which appears to be a second-order equation of 6,;; however,
the coefficients are not all constant and are a function of 6.
However, it will be shown that an accurate approximation of
(13) can help derive a closed-form solution for z. and zs. The
validity of this approximation is later validated using various
geometries of the stylet and cannula. Equation (13), after the
approximation, is then

(a— Rn*) 6 + (b—2Rmn) 0, + (2R — Rm* + k) = 0

(14)
where a, b, m, n, and k are
a=R— Ry, b=2Rp, m= ¢+ M/R
n=1-— Rd/R, k= —2R+ R(Pz + 2ytarget- (15)

Therefore, the solution for the stylet insertion length is

Max \/(9‘1 —mn)’ — (Y ) - (2 B mz/R)
S =)
(16)

which is a real, positive, and unique solution, if the target is
located inside the feasible area.

The equation (16) shows that z; does not depend on the
vertical location of the target, which is consistent with the simple
model that is presented in [55].

Finally, using (11), z. is calculated by the following nonlinear
exact formulation:

Zs = 2

Ze = —Ztarget T+ Rsin(p + 04)

— Rsin(p +60q + z;/R) — Rqsinp. (17)

Before performing an experimental test of the system, the
kinematics formulation was evaluated by discretizing the feasi-
ble area and running simulation tests recursively for all possible
targets. The inverse kinematics routine in the simulation at-
tempted to reach to every single feasible target and computed
the input vector (6., z., z; ). This vector was then used to com-
pute the location of the stylet’s tip, (Ziip, Yiips Ztip), and the
Euclidean difference between this and the original target was
calculated. This simulation was run for different geometries us-
ing various inner diameters for the cannula: 1.2, 1.6, 2.0, and
2.4 mm, and various outer diameters for the stylet: 0.5, 0.7, 0.9,
and 1.1 mm using the stylet’s radii of 35, 45, 50, and 55 mm. For
all combinations, the error distribution demonstrated a mean of
consistently less than 0.60 mm with a variance of 0.51 mm.

Finally, the inverse kinematics formulated in this section re-
quires an image-to-robot registration. The following section
explains how the registration adapts the inverse kinematics for
any arbitrary relative position and orientation of the robot and
the CT scanner.

IV. IMAGE-TO-ROBOT REGISTRATION

Using a set of feature points on the robot that can be identified
in medical images, the orientation, position, and scaling of
the robot coordinate system (CS) relative to the image CS in
3-D can be calculated. We developed a point-based registration
that mathematically requires at least three pairs of spatial points
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Fig. 10.
location of the three registration points on the cannula and stylet are pointed.
(b) Robot is intentionally inclined with respect to the scanner CS, and the
registration has adapted the feasible area, the path, and the target to execute the
inverse kinematics along the correct geometry.

(a) Three-dimensional-reconstructed image from 2-D CT slices. The

which were chosen on the base of the cannula, the tip of the
cannula, and the tip of the stylet, as shown in Fig. 10(a).

Since the registration points are considered on the needle in-
stead of an external frame (such as that proposed in [66]), the
procedure registers the image to the needle, not to the robot,
thus eliminating potential errors between the drive mechanism,
cannula, and stylet. In this regard, after the preprocedural imag-
ing, the user clicks on the screen to specify the location of
the registration points as well as the insertion point. Fig. 10(b)
demonstrates how the target, the feasible area, and the planned
path can then be superimposed over the CT images after the
registration.

V. NAVIGATION SOFTWARE DESIGN

A new image-guided therapy module was designed and de-
veloped for the robot. The module was initiated, in part, from the
ProstateNav module (Brigham and Women’s Hospital, Boston,
MA, USA) [67] whose workflow was clinically inspired from
image-guided prostate interventions. In this section, we explain
our proposed system architecture.

The procedure starts with an initial configuration, which in-
cludes importing the robot parameters to the module, preparing
the network connection, and setting up the communication be-
tween the navigation software (3-D Slicer [68]) and the external
software (Galil library) via OpenlGTLink [69].

Following this, the preprocedural imaging step starts by plac-
ing the robot inside the CT bore on the intervention bed, deploy-
ing the entire stylet, scanning the robot, and loading the DICOM
files into 3-D Slicer for the purpose of registration.

The user clicks on the desired target or targets and if they are
confirmed by the module as reachable, then the inverse kinemat-
ics is computed, and the registered needle-path is superimposed
on the medical images. The module allows the user to localize
up to 100 targets per cannula-insertion by consecutively click-
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Fig. 11.

Registered 3-D feasible volume is aligned on the prostate image
demonstrating a transperineal prostate therapy case. The multiple paths are
visualized using inverse kinematics. The left side shows part of the widgets
designed in 3-D Slicer for importing the needle specifications, the registration
parameters, and the motor commands. The CT image is taken from [72].

ing on the points of interest in the medical image that are then
recorded by the software. As a result, with two insertions, up to
200 seeds can be placed within the accessible zone. This is clin-
ically important as in the low-dose rate brachytherapy protocol,
50-150 seeds are deposited within the prostate [70].

As shown in Fig. 11, the feasible zone can sit in the region
of interest so that the stylet has sufficient maneuverability and
access within the prostate. This is a typical scenario of transper-
ineal prostate therapy [71]. Note that the manual operation of
this procedure requires multiple insertions, while steerability
of the stylet and cannula would obviate the need for multiple
insertions of conventional straight needles.

With this procedure workflow, the physician is always in the
loop and is able to cancel or modify the procedure if needed.

The interface workflow was such that after the three param-
eters, 0., z., and z; were computed, they were converted to the
corresponding number of steps according to the design of the
gearbox between the stepper motor’s shaft and the screw-spline.
Then, the commands were sent to the motor controller upon ap-
proval from the physician. For multiple-target planning, targets
were resorted to minimize the total rotation of the cannula. In
this way, regardless of the number of targets, the total rotation
of the cannula never exceeded 360°, which resulted in minimal
angular backlash.

After reaching a target and retracting the stylet back to the
home position, the cannula axial position could be adjusted for
the next target and then rotated so as to place the stylet in the cor-
rect orientation. Once the stylet reached the intended location,
a small seed was released from the tip and deposited into real
or artificial tissue. The time from when the user clicked on the
medical image to when a seed was deposited was found to be on
average 45 s, shorter than the time typically required for manual
operations. After the interventional task, the robot moved inside
the bore for imaging, and the pre- and postprocedural images
could be overlaid so that the user could visually compare the
planned and actual paths.



TORABI et al.: COMPACT ROBOTICALLY STEERABLE IMAGE-GUIDED INSTRUMENT FOR MULTI-ADJACENT-POINT (MAP) TARGETING 811

|

Fig. 12. Robot, positioned with some arbitrary angles on the CT scanner bed,
ready to move inside the bore for preprocedural imaging. A laptop computer
was connected via the Ethernet to 3-D Slicer where the graphical user interface,
the robot kinematics, and the registration were developed and integrated into
the new IGT module.

All the information, including the target position, the stylet’s
tip position, the three registration points, the inverse kinematics
parameters, and the registration parameters were saved in a file
and kept with the pre- and postprocedural images to facilitate
offline analysis of the data.

VI. EXPERIMENTAL RESULTS

We demonstrated four different patterns of deployed seeds
using the concept of MAP targeting, and two of these were
analyzed quantitatively using a CT imaging system at Mas-
sachusetts General Hospital. A Dual Source MDCT scanner
(Definition Flash, Siemens Medical Solutions, Erlangen, Ger-
many) was used for scanning at 120 kV, 200 mA, pitch of 1,
0.6-mm slice thickness, and approximately 0.4-mm in-plane res-
olution. The image data, therefore, have a localization accuracy
of approximately 0.4 mm in the XY plane, and approximately
0.6 mm in the Z-direction.

Two photographs of the experimental setup are shown in
Fig. 12. As explained in Section II, we used a 10% ordnance
gelatin phantom to mimic the real tissue [61]. The phantom was
mounted within the apparatus made from aluminum and was
tightly fixed to the scanner bed. The robot was seated at a preset
height on top of the apparatus so that the cannula’s tip touched
the phantom’s surface. A CT image of the apparatus is shown
in Fig. 10.

A curved hollow stylet with 35.5 mm radius and length of
40 mm was used along with a 135 mm length cannula, 40 mm
of which could be navigated within the gelatin by the steer-
ing mechanism. The size of the feasible volume accessible for
the aforementioned cannula and stylet was calculated with the
following formula:

max 2
Vione = 720 R (1 — cos™® ) (18)

R
which, for the geometry selected, was 51.53 cm®. This was a
small zone (~3%) of the 1800-cm® volume of the entire box
of gelatin. Note that the average size of a swollen prostate is
estimated to be 45 cm?® [73], and thus, the selected stylet and
cannula would be suitable for prostate interventional proce-
dures. Considering the feasible zone as a cylinder, the diameter

Fig. 13.  Planned and the actual patterns of the letters “O” and “M” with 12 and
23 multi-adjacent targets, respectively, shaped in the gelatin by the deposition of
the seeds. The brighter small zone in the center of the gelatin shows the vertical
path of the cannula.

of this cylinder is

Zs\2
dyone = 2 (1 cosR) (19)
which, in the case of the selected stylet, could be up to 40 mm.
Since the average size of the prostate in the lateral direction
and the anterior—posterior direction is 50 and 35 mm, respec-
tively [4], it is possible to reach 80% of the lateral cross section
and 100% of the anterior—posterior cross section of a typical
prostate when the selected stylet is entirely deployed. It should
be noted that tumors are typically noticeably smaller than the
entire prostate.

The cannula’s internal and external diameters were 1.90 and
2.10 mm, respectively, while the stylet’s internal and external
diameters were 0.90 and 1.20 mm respectively. According to
(5), this cannula—stylet geometry resulted in 11.4° for the stylet
exit deviation angle from the cannula. This angle, as mentioned
in Section III, would create the following potential maximum
error at the tip of the stylet:

ey = 4Rsin;—;%sin (%) = 7.6 mm
which is significant for typical interventional procedures.

Initial results of seed deployment experiments with the in-
tegrated system were consistently acceptable as shown by the
strong similarity between the specified pattern and that pro-
duced. Two examples are presented in Fig. 13 demonstrating
that the robot is capable of creating complex patterns of seeds.
The robot’s capability of placing the radioactive seeds with spe-
cific patterns within the tissue is necessary to optimize the ra-
diation dose for effective treatment of prostate cancer [4] while
ensuring a safe dose for healthy tissues [74]. In the CT images,
the cannula and stylet were clearly visible with minimal arti-
facts, as shown in Fig. 10(b). It is also apparent from the figure
that the motors are all out of the scan plane.

In order to quantitatively assess the targeting accuracy of the
system, the robot was commanded to reach 13 targets that are
arranged in the shape of the letter “H.” For these experiments
(setup shown in Fig. 12), the robot’s casing had arbitrary angles
with the axes of the image CS so as to validate the registration.
The robot was commanded to create a 2-D seed deployment
pattern to demonstrate that the concept of MAP targeting could
be applied to a thin layer in surgical sites.

The result, captured from the CT images, is plotted in Fig. 14
depicting the letter “H.” Note that the size of each target was a
voxel size, and the size of the seeds was 3 mm similar to that of
actual radioactive seeds. The robot was not reinitialized during

(20)
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Fig. 14.  Data points for letter “H” are captured from the CT-images from the

front and side. The targeting errors were distributed over the 13 targets by the
mean and the standard deviation of 2.53 and 1.00 mm, respectively.

TABLE V
PARAMETERS USED/CALCULATED FOR CREATING “H” AND HELIX

Parameter definition Value (Letter H) Value (Helix)
Number of consecutive targets 13 8
Inserted stylet length range [cm] 0.72~2.72 2.62~3.30
Inserted cannula length range [cm] 0.99 ~ 3.26 2.56~3.92
Targeting accuracy’s mean [mm] 2.53 2.30
Targeting accuracy’s standard deviation [mm] 1.00 1.00
Maximum targeting error [mm] 4.63 3.84
Minimum targeting error [mm] 0.93 1.18
Registration angles in RAS CS [deg] (161.5,25.1, 180) (180, 0, 165)
Stylet translation velocity [mm/s] 2.30 2.30
Cannula translation velocity [mm/s] 3.10 3.10
Cannula rotation velocity [rad/s] 1.30 1.30

the sequential targeting, and it was observed that the error did not
appear to increase throughout the course of the experiment. In
evaluating the system, we note that the overall targeting accuracy
is a function of the accuracy of the mechanical system, the
kinematics formulation, the image-to-robot registration, and any
deflection of the cannula and stylet because of the interaction
forces with the tissue. As reported in Table V, this flat shape
required the robot to generate various lengths in 2, and z., and
the targeting error had a mean and standard deviation of 2.53
and 1.00 mm, respectively. The error in the y-direction ranged
from 0.10 to 2.43 mm with a mean of 1.32 mm and the standard
deviation of 0.73 mm, indicating that the layer of seeds created
an approximate 2-D plane in gelatin.

The second experiment was to create a helical pattern with
eight seed deployments. As in the first experiment for the H
shape, the robot was placed within the scanner in an arbitrary
configuration to ensure that both translational and rotational as-
pects of the registration could be evaluated. The maximum and
minimum values of the targeting errors were 3.84 and 1.18 mm,
respectively (see Table V). The mean error (2.30 mm) and stan-
dard deviation (1.00 mm) were very similar to those for the H
shape experiment. Fig. 15 shows the results of “H” and helix
inside the working zone, as captured by the CT images.

Improvements to the registration algorithm could be achieved
by adopting automatic segmentation approaches to remove the
variability of the current manual approach. Furthermore, a better
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Fig. 15.
planned and actual shapes, respectively. The letter “H” with 13 targets and helix
with eight targets are consecutively reached in the gelatin. The overall error
average for all 21 targets was limited to the mean of 2.41 £ 1.00 mm (standard
deviation). The data were imported from CT-images.

Black and white plots, visualized inside the feasible volume, are the

understanding of how the deflection of the cannula and stylet is
influenced by the tissue as in [75] may also lead to an improved
ability to determine the actuator inputs to achieve a desired
stylet’s tip position. We have included supplementary video file
that demonstrates both the drive mechanism and the ability of
the robot to reposition the distal tip of the stylet to reach multiple
adjacent targets and deposit the seeds at the preplanned locations
in the gelatin.

VII. CONCLUSION

We have shown that the proposed computer-integrated med-
ical robotic system, including the hardware and software, is
capable of accurate MAP targeting in a phantom model.

The proposed architecture integrates with the current clinical
workflow through a set of sequential operations that include:
initial configuration, preprocedural imaging, robot registration,
MAP targeting planning, robot actuation, seed deployment, and
follow-up postprocedural imaging.

We derived closed-form inverse kinematics, implemented a
new point-based registration, designed the navigation software,
and evaluated the full image-guided robotic system in a clini-
cal setting. Our results exhibited a 2.41-mm average targeting
error for multiple consecutive, adjacent targets, with no feed-
back indicating a high-level performance of the overall system
compared to the current manual approach. The 2-D and 3-D
MAP targeting we present were achieved with only a preproce-
dural planning and final confirmation CT-scan, demonstrating
the potential for the reduction of the required number of CT
scans.

We demonstrated that the navigation software and the target-
ing accuracy results are also in line with prostate interventional
procedures. The worst targeting error was 4.63 mm, which is
below the threshold defined in the design requirements of the
robot. The error threshold was based on the size of insignificant
tumors in the prostate, which is equal to that of a sphere with a
radius of 5.2 mm or less [57].

An assumption of our approach is that a single set of planning
images are sufficient for MAP targeting. This is based on the
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fact that the motion of the prostate during the intervention is
significantly less than that of other organs because of its distal
location and support from the pelvic structure [57]. As the next
immediate step, this assumption needs to be validated in animal
or clinical studies, and if necessary, planning algorithms that ac-
count for any potential tissue deformation could be incorporated
into the system.

From a clinical perspective, the robotic mechanism, while
CT-compatible, is sufficiently lightweight and compact such
that it could be patient-mounted or attached to the end-effector
of a gross passive positioning system [76]. The sterility was also
addressed by making the entire device low cost and potentially
disposable.

These results show that the proposed image-guided system
can create accurate conformal maps within the tissue and has
the clinical potential to reduce the number of needle insertions,
associated radiation dose, and procedure time.
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