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Abstract— Intraoperative surface contour sensing can enable
the registration of high-resolution three-dimensional preoper-
ative images for precise guidance of surgical robots. This is
particularly useful for guiding steerable needles in soft tissues.
In this paper we combine a new minimally invasive surface
scanning technique based on conoscopic holography with a
steerable active cannula robot. We experimentally demonstrate
cannula tip placement to multiple physical points inside phan-
tom tissue, which correspond to points specified in preoperative
images – the input an eventual clinical system would obtain
from the physician. While the image-guided steerable system
we propose is broadly applicable to many kinds of surgery,
one particular application of interest is in ablating large liver
tumors, where it is beneficial for the ablator to be repositioned
to multiple locations without being withdrawn from the organ.

I. INTRODUCTION

Robotic systems can demonstrably improve accuracy in

interventional medical procedures requiring sampling from,

or therapy delivery to, a specific site identified on preopera-

tive images [1], [2]. In these systems, the robot accomplishes

the translation of image space coordinates to patient space

coordinates and then precisely aligns the needle with the

desired location [3], [4] – a task robots can do more

accurately and reliably than is possible with human memory,

spatial reasoning, and hand-eye coordination [5].

To compensate for sources of error during insertion (e.g.

small registration errors, tissue deformation), minimize the

number of repeated needle insertions required, and enable

access to targets without feasible straight-line trajectories,

several strategies for needle steering have recently been

developed. These include applying forces and torques to the

base of a stiff symmetric-tip needle [6], [7], incorporating

a precurved stylet within a straight cannula [8], harnessing

bevel tip forces with flexible shafts [9], and employing

multiple precurved tubes which change needle shaft shape

as they are telescopically extended and axially rotated with

respect to one another [10], [11].

Such systems are typically designed to operate under

intraoperative Ultrasound (US) guidance [5], inside Com-

puted Tomography (CT) scanners [12], under fluoroscopic

guidance [13], and in conjunction with Magnetic Resonance

Imaging (MRI) [14]. Each of these imaging modalities has

its own strengths and weaknesses. Ultrasound is inexpensive

and easily accessible, but provides low-resolution images.
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Fig. 1. Diagram of our Conoprobe/preoperative image-guided steerable
cannula system. A segmented preoperative CT or MRI scan of an organ is
registered to a surface scan collected in vivo via a tracked Conoprobe.

CT provides better images, but intraoperative use involves

ionizing radiation, as does fluoroscopy. MRI provides excel-

lent soft tissue discrimination, but is expensive, less widely

available, and requires specialized robot hardware that is

compatible with strong magnetic fields.

In order to make intraoperative use of the highest reso-

lution images available including MRI without introducing

additional ionizing radiation, surface-based techniques for

registering images to physical coordinates have been devel-

oped [15]. These are necessary in soft tissues which generally

lack identifiable surface features and cannot support the

screw-based fiducial markers typically employed in bones.

A contactless method of surface scanning is a laser range

scanner (LRS) which triangulates a large number of points

using a laser-based grid pattern [15]. LRS systems require

line of sight, and hence wide exposure of the surgical site.

Once a scan is collected, a variety of rigid and deformable

registration techniques (e.g. [16], [17]) can be used to register

preoperative images to physical coordinates.

Recently, conoscopic holography has been proposed as a

means of accomplishing organ surface point cloud sensing

in a minimally invasive setting [18]. In this system the

Conoprobe, a 1D noncontact distance measuring device, is

optically tracked to convert the distance measurements into a

point cloud. A Conoprobe employs conoscopic holography, a

distance measurement technique based on polarized light in-

terference inside of a birefringent crystal [19], [20]. Since the
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Conoprobe captures one degree of freedom measurements

along its laser axis, it is suitable for deployment through a

laparoscopic port.

In this paper we apply this technology to guide a steerable

active cannula robot using preoperative images. We describe

the overall system and experiments designed to evaluate

the accuracy with which the cannula tip can be positioned

through a single insertion point to targets inside a soft tissue

phantom model. This study lays the foundation for precise,

steerable, image-guided access to locations within the human

body for needle-based diagnoses and therapy delivery.

A. System Concept

Our Conoprobe-steerable cannula system consists of two

primary sub-modules as shown in Fig. 1. Preoperative image

data can be registered to the point cloud that the tracked

Conoprobe collects, so that the positions of subsurface

objects such as blood vessels, nerves, and tumors can be

known in optical tracker space. Point cloud collection and

registration is described in Section II. The second module

is the steerable active cannula robot [10], [21], that controls

the axial rotation and telescopic extension of a collection

of precurved tubes (see Fig. 3). In Section III we give the

inverse kinematics of the two-tube active cannula used in

our experiments. The cannula actuation unit – which can be

optically tracked or registered using the Conoprobe – deploys

the cannula to a desired point within tissue, where needle-

based therapy (e.g. injections, biopsies, thermal ablation,

radioactive seed deployment, etc.) can be delivered.

II. SURFACE CONTOUR SENSING AND REGISTRATION

Surface contour sensing is accomplished using a tracked

Conoprobe sensor as described in [18]. Our surface scans

were acquired using the Conoprobe Mark 3 (Optimet, Inc.),

with a 250 mm lens. While Optimet does not have published

specifications for this particular lens, its performance is sim-

ilar to that of the closest lens for which there are published

specifications, a 200 mm lens, with which the device has a

measurement precision of <70 μm. The measurement range,

which depends on focal length, was 155-337 mm for our

study.

Optical tracking in our experiment was performed using

a MicronTracker 2 H3-60 (Claron Technology, Inc). This is

a passive optical tracking system that uses black and white

Fig. 2. Conoprobe-sensed point cloud fitted to the surface of the liver
phantom, segmented from a CT scan.

contrast markers, each sensed with an accuracy of 0.20 mm,

to create 6 DOF tracked markers.

The transformation between the Conoprobe’s lens, the

origin of the distance measurements, and its optical tracking

marker frame is determined via calibration. The position of

each sensed point on the surface can be expressed in the

world (optical tracker) frame as,

worldpsensed =world Tm
mTc

cpsensed, (1)

where c denotes the Conoprobe lens frame and m denotes the

fiducial marker frame. The transformation worldTm is given

directly by the optical tracking system. We estimated mTc

from several Conoprobe poses, with its laser aimed at a sec-

ond fiducial marker which provided measurement of worldPn

by the optical tracking system. Repeating this for multiple

Conoprobe poses, and parameterizing the rotation using X–

Y–Z Euler angles, we applied Matlab’s fminsearch to

minimize,

e =
∑
i

aTi ai, where

ai =
world pn −world Tm,i

mTc
cpsensed,i (2)

over the Euler angles and translation that compose the un-

known transformation. The sum over i ∈ {1 . . . n} accounts

for each of the n Conoprobe pose measurements made above.

With this system one can collect a cloud of points on the

surface of the organ of interest. Given these and a segmented

image, a number of strategies are possible to register the

two, including both rigid and deformable techniques. We

use Iterative Closest Point (ICP) [16] to perform a rigid

registration between the surfaces. Figure 2 shows a sample

segmented surface taken from a CT scan of a liver phantom

after registration to a scanned point cloud of the same

surface.

III. ACTIVE CANNULA MECHANICS AND KINEMATICS

While active cannulas can be made from larger numbers of

tubes, the protoype cannula we use in this study is composed

of two concentric tubes. The outer tube is made of stainless

steel and is straight. The inner tube is curved, and made from

superelastic nitinol. The material and geometric properties of

the two tubes used are summarized in Table I.

Fig. 3. Prototype active cannula consisting of a straight outer tube made
of steel, and a precurved superlastic nitinol inner tube.
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TABLE I

MEASURED AND ASSUMED PHYSICAL QUANTITIES FOR

EXPERIMENTAL CANNULA TUBES.

Inner Tube (1) Outer Tube (2)
Young’s Modulus: E(GPa) 58 190
Inner Diameter: ri(mm) .96 1.52
Outer Diameter: ro(mm) 1.26 1.82
Straight Length: Ls(mm) 255.7 171
Curved Length: Lc(mm) 54 0
Total Length: L(mm) 309.7 171
Curvature: κ(1/mm) 0.0126 0

A. Cannula Mechanics

We assume that the outer tube is initially straight, and that

the transition point where the inner tube becomes curved

lies between the constrained entry point and the end of

the outer tube. Then, the prototype cannula, beyond the

constrained entry point (see Fig 4), will consist of a straight

section (�1) followed by a slightly curved section (�2 where

the curved part of the inner tube bends the straight outer

tube), followed by the curved portion of the inner tube alone

after it exits the outer (�3). The plane in which the curved

sections lie is controlled by the angular rotation of the tube

bases, α, and the length of each section is controlled by the

translation of each tube’s base. Our cannula, therefore, has

3 degrees of actuation freedom. Using the Bernoulli-Euler

beam-mechanics model of [10], the curvature of the second

section can be expressed as a “weighted average” curvature,

weighted by the individual tube bending stiffnesses,

κeq =
κ1E1I1 + κ2E2I2

E1I1 + E2I2
. (3)

where Ei and Ii are the elastic modulus and moment of

inertia of tube i.

precurved

D1

Constrained
Entry Point

D2

straight
� �eq

�1
�

Fig. 4. Diagram of our two tube cannula showing kinematic variables.

B. Cannula Kinematics

Due to clearance between the tubes, the inner tube comes

out of the outer tube at a slight angle to the tangent of the

outer tube, which we denote θ (see Fig. 4). Prior models have

not accounted for this non-tangency of arcs, but we include

this effect in our kinematic model, experimentally measuring

the angular offset θ to be 11◦ using graph paper. The forward

kinematic model then consists of a series of homogeneous

transformations,

Ttip = TbaseT1T2T3T4T5. (4)

where the transformations Ti are given by

T1 =

[
cosα − sinα 0 0
sinα cosα 0 0
0 0 1 0
0 0 0 1

]
T2 =

[
1 0 0 0
0 1 0 0
0 0 1 �1
0 0 0 1

]

T3 =

⎡
⎣ 1 0 0 0

0 cosκeq�2 − sinκeq�2
1

κeq
(1−cosκeq�2)

0 sinκeq�2 cosκeq�2
1

κeq
sinκeq�2

0 0 0 1

⎤
⎦

T4 =

[
1 0 0 0
0 cos θ − sin θ 0
0 sin θ cos θ 0
0 0 0 1

]

T5 =

[ 1 0 0 0
0 cosκ1�3 − sinκ1�3

1
κ1

(1−cosκ1�3)

0 sinκ1�3 cosκ1�3
1
κ1

sinκ1�3

0 0 0 1

]

and the link lengths are given by,

�1 =Ls1 −D1

�2 =Ls2 −D2 − �1

�3 =Lc1 − �2

(5)

where D1 and D2 are the translational kinematic inputs as

shown in Fig. 4, and Lsi and Lci are the straight and curved

lengths of tube i.

C. Cannula Inverse Kinematics

We computed inverse kinematics numerically with Mat-

lab’s nonlinear root finding function fsolve, using the

trust-region dogleg algorithm. The actuator values which

result in a desired tip location and satisfy the physical

constraints of the robot are the zeros of the following

function,

f(α,D1, D2) =

⎡
⎣ptip − pdesired

D2 −D1 if D1 < D2, else 0
D2 if D2 < 0 , else 0

⎤
⎦

(6)

where ptip is the position component of the final transfor-

mation Ttip from (4). The additional two components of

(6) represent the physical constraints which ensure that the

solver does not return a values of D1 and D2 which are

impossible to achieve with the actuation unit.

IV. EXPERIMENTS

A set of benchtop experiments was conducted to evaluate

using Conoprobe surface scanning and preoperative image

registration to guide a steerable active cannula to a de-

sired target in an anthropomorphic human liver phantom

made from cast silicone rubber. The experimental setup

is illustrated in Figure 5, and consisted of the following

components:

• Optimet Conoprobe. Tracked by the Micron Tracker,

Conoprobe distance measurements were converted into

a surface scan of the liver phantom. The power and

frequency settings were 70% and 300 Hz, respectively,

as indicated by prior experiments [18].

• Micron Optical Tracker. Used to track the Conoprobe

and an optical stylus. The optical tracker frame provides

a common world coordinate frame in our system.
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• Aurora Magnetic Tracker. Is used to identify the location

and orientation of the cannula tip via an embedded

tracking coil. It is also used to sense the location of the

target, a tracking coil embedded in the phantom. We

note that this magnetic tracking system would not be

present in an eventual clinical version of this system

– here it simply provides an independent means of

verifying accuracy.

• Needle with Embedded Magnetic Tracking Coil. This

provided a target that could be inserted as desired into

the phantom liver.

• Optical Stylus. An optically tracked pointer used to

manually locate the cannula tip in free space during the

registration of the cannula base frame to optical tracker.

This would not be required in an eventual clinical

system as the cannula actuation unit would either be

directly optically tracked or located and registered via

the Conoprobe system.

• Cannula Actuation Unit. A manually manipulated sys-

tem that can accurately rotate and translate the cannula

tubes. It consists of 2 rotary (Velmex small rotary table

A5990T3) and 2 linear (Velmex model A25 series UniS-

lide linear slide) stages with resolutions of 0.1 degree

and 0.01 mm respectively. A Matlab implementation

of the cannula inverse kinematics model described in

Section III yields the necessary rotational and linear

positions of all four input degrees of freedom, given

a desired tip position.

• Liver Phantom. A model of a human liver, cast in

Smooth-On Ecoflex Supersoft 0010 silicone rubber.

Four CT observable fiducials were attached to enable

point-based registration to obtain an initialization frame

for ICP registration.

• CT Scan and Segmentation Software. The liver phantom

was CT scanned with a voxel size of 0.729× 0.729×
2mm. A level-set segmentation technique using Ana-

lyze 9.0 software (Mayo Clinic, Rochester, MN) and

the marching cubes algorithm [22] contained within

Kitware’s Visualization Toolkit (VTK, Kitware Inc,

www.vtk.org) yielded surface information. The surface

was smoothed by fitting radial basis functions (RBF)

using the FastRBF toolkit published by Farfield Tech-

nology (Christchurch, New Zealand) [23], [24]. Manual

trimming and sampling of the RBF output yielded a

point cloud representing only the upper surface of the

phantom. The portions of the point cloud representing

the bottom and internal portions of the phantom were

removed since they would not be scanned by the Cono-

probe. This subset point cloud, expressed in CT space,

was used in all ICP registrations.

A. Experimental Procedure

The first step in the experiments was to register the

coordinate systems to one another: Optical, CT, Magnetic,

and Cannula base frame (see Fig. 7). The cannula base frame

was registered to optical space via a point-based registration

[25], [26]. The two point sets used for this each contained

Optical

Tracker

Conoprobe

Magnetic
Tracker

Needle with
Target

Tissue
Phantom

Cannula
Actuator

Fig. 5. Experimental setup.

Rotary Stages 1 and 2

Linear Stages
1 and 2

Fig. 6. Manual cannula actuation unit. The rotary stages independently
rotate each tube axially. The primary linear stage, on the bottom, advances
both tubes simultaneously. The secondary stage, on the top, advances only
the inner tube and operates relative to the primary stage.

27 points. One set, expressed in the cannula base frame,

was a set of 27 theoretical cannula tip positions, given by

Equation 4, that spanned the cannula’s workspace. These

27 positions consisted of all combinations of three values

for the linear translations of the tubes, D1 and D2 (D1:

166, 206, 246 mm; D2: 79, 119, 159 mm; see Fig 4), and

three angular rotations spaced 120◦ apart. The other point set

was collected experimentally in the optical tracker frame, by

using the optical stylus to record actual cannula tip positions

at each of the 27 actuator positions used to generate the

theoretical point set. The mean Euclidean error between these

two point sets was 1.82 mm. The end result of this calibration

procedure is the frame transformation between the optical

tracker frame and the cannula base frame.

After cannula base frame calibration, the cannula tubes

were retracted and the phantom was positioned. CT space

was then registered to the optical and magnetic coordinate

frames via independent ICP fitting of a surface scan point

cloud for each, in exactly the same manner as in [18]. The

optical space cloud was collected using the Conoprobe. The

magnetic space cloud was collected using a magnetically

tracked touch probe that was lightly traced over the surface

of the phantom. This method was adopted because it was

more accurate than a fiducial based registration with the

four fiducial markers implanted into the liver surface, due

to segmentation error of the fiducials and the fact that the

fiducials were spaced relatively close to each other. The

fiducials simply provided the frame transformation from

which to initialize ICP. To ensure that neither of these two

independent ICP procedures converged to an incorrect local

minimum (e.g. an “upside down” fit), a visual inspection of

the final ICP fit (Fig. 2) was made to ensure correct alignment

for every experiment in this paper. We note that in clinical

practice, this visual inspection can be replaced or augmented

by other techniques which provide a good initial guess from
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Location of cannula tip and
target reported by magnetic tracker

Active cannula tip
tracked in magnetic
space. Forward and
inverse kinematics
available

Liver Phantom

Optical to Phantom via
Conoprobe surface scan
and ICP

Magnetic Tracker.
Phantom Surface
scanned with touch
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UU

Phantom surface data
from CT scan.

Target known in
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Optical to Cannula
frame via stylus
(precalibration)

Fig. 7. Registrations in the system. The magnetic target is known in
magnetic space. The cannula base frame is calibrated in optical space via
a touch stylus, and the tip is tracked in magnetic space during insertion
experiments and known in the cannula base frame via forward kinematics.

which to initialize the ICP registration [27].

After registration, the magnetic coil target (needle with

embedded coil) was inserted into the phantom and its loca-

tion was recorded in magnetic space. From magnetic space

it was transformed into CT space, then to optical space,

then to a location in the cannula base frame, and finally

to a desired location in cannula actuator space using cannula

inverse kinematics (Section III-C). The purpose of moving

through the various frame transformations in this way was

to simulate what we envision to be the eventual clinical

workflow, wherein the target is specified by the physician

in image space, and no magnetic tracker is used.

The cannula was then advanced into the liver phantom to

the calculated actuator configuration. This was done by first

adjusting rotary stages, and then deploying the translational

degrees of freedom, beginning with the outer tube. After

cannula insertion, the magnetic tracker was used to record

tip position and final target position (note that the target

generally shifted during insertion due to tissue deformation).

B. Results

The average difference between the cannula tip and target

was 6.53 mm with a range of 5.42 to 8.87 mm. The difference

between the reported final location and targeted location

averaged 8.32 mm with a range of 5.53 to 13.49 mm.

Experimental results for all 10 insertion experiments are

reported in Table II.

C. Discussion of Results

Accuracies within 5-7 mm such as those we have obtained

in these experiments are suitable for some medical proce-

dures such as liver ablation. During ablation the treatment

of large margins around a tumor is possible because of the

organ’s ability to regenerate. However, we believe that it

will be possible to achieve significantly higher accuracies

in the future. Below, we discuss various sources of error in

our experiments and provide a perspective on which may

be reduced, the accuracy improvement that can be expected,

and how this might be accomplished in future work.

TABLE II

RESULTS OF 10 CANNULA PLACEMENT TRIALS

Trial Cannula to Cannula to Target Shift
Target (mm) Original Target (mm) During Test (mm)

1 5.42 4.21 7.99
2 6.58 3.71 8.43
3 5.85 6.68 5.53
4 8.87 5.39 10.07
5 5.79 5.35 6.96
6 6.46 6.27 7.06
7 8.14 3.20 9.41
8 5.57 4.43 7.10
9 6.90 1.91 7.21
10 5.76 9.20 13.49

1) Magnetic Tracking Error: We believe magnetic track-

ing error to be the largest source of error in our experiments,

and there are a variety of ways it can introduce errors. First,

the ICP surface registration and small deformations caused

by use of the magnetic touch probe can introduce error into

the magnetic to CT frame transformation. We believe these

could be reduced by including a large number of widely

spaced and easily segmented fiducials in a future phantom

liver holder prior to CT scanning. These could enable a

more accurate point-based rigid registration between CT and

magnetic space. Second, there may also be small distortions

in the magnetic field emitted by the tracker base station,

which can be estimated using established methods [28]. We

also note, that the magnetic tracking system used here was

for verification of tip and target locations only, and would

not be part of an eventual clinical system.

2) Optical Tracking Error: Uncertainty in optical tracking

of the stylus and Conoprobe comes from the 0.20 mm RMS

sensor noise in obtaining the position of each tracked marker.

How this propagates to the tip of the pointer or measurement

spot of the Conoprobe depends on how many markers are

attached and the geometric relationship between the markers

and the measurement point. To experimentally assess the

amount of error these factors introduce in our system, we col-

lected 200 measurements of the stylus and 200 measurements

with the Conoprobe held stationary and aimed at a target

240 mm away (a typical scanning distance). The standard

deviation of the stylus position error was 0.169 mm, while

the standard deviation of the Conoprobe was 0.159 mm.

Larger spacings and/or alternate arrangements of optical

tracking markers can reduce these errors.

3) Optical ICP Error: ICP using Conoprobe measure-

ments is intrinsic to our system, but collecting more points

and/or more widely spaced points can improve accuracy.

Toward understanding the quality of fit achieved in our exper-

iments reported in this paper, we computed the mean residual

error between the scanned points and each point’s nearest

neighbor in the segmented CT data. The Conoprobe surface

alignment produced a mean residual error of 1.03 mm (the

same calculation yields 3.03 mm for our magnetic surface

registration). This can be compared to a mean residual error

of 0.75 mm obtained with a commercial laser range scanner

on a similar phantom [29].
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4) Cannula Modeling Error: More advanced models of

the cannula that do not assume circular curvature exist [21],

and the latest models even account for external loading [30].

These may reduce registration error of the cannula base

frame and lead to better predictions of cannula shape when

interacting with tissue, potentially enhancing accuracy by

several millimeters.

5) Tissue Deformation: Tissue deformation can be mod-

eled (see e.g. [31]). Compensating for this would lead to

further accuracy enhancements.

V. CONCLUSION

In this paper, we have described a system that is able to

acquire soft tissue surface data, register it to preoperative

image data, and deliver the tip of a steerable cannula to

physical locations that correspond to desired targets specified

in preoperative image space. Combining the steerability of

the active cannula with image guidance holds promise for

enabling new and/or more accurate minimally invasive soft

tissue procedures such as biopsy, tumor ablation, or other

diagnostic or therapeutic agents and devices that can be

delivered through a needle. Advantages of using preoperative

images for guidance include the ability to perform image

guided surgery without an intraoperative imaging, while

making use of high quality preoperative images.

Furthermore, each of the technologies demonstrated in

this experiment have potential in many other applications.

Conoprobe enabled registration of the liver, kidney, or other

organs could be used in conjunction with image guided

laparoscopic surgeries. Active cannulas have been proposed

for applications ranging from lung biopsies, brain surgery,

and laparoscopic abdominal surgery under various forms of

image guidance.
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