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ABSTRACT

In this paper, a new robotized needle insertion device is pro
posed for computer-assisted percutaneous therapy. Tlee-ins
tion device is integrated in a robotic system dedicated sige
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achieved in other medical fields to validate computer-aidec
surgery by needle insertion. In these systems, image-duyide
sitioning was resorted to in spite of two noticeable dowesid
First, the surgeon receives no haptic feedback, when higése

guidance in a Computed Tomography (CT) scan. The presentedture needs to take the insertion force into account and atapt

design fulfills the stringent requirements of such a medipali-

cation: compatibility with a CT-scan and haptic control thet
practitioner are ensured as well as safety and sterilizatidhe
novel design of the insertion device is first presentedjrong

its main properties, before introducing preliminary exipeental
results.

INTRODUCTION

Computed Tomography (CT) is an imaging technique which
is now widely used for medical diagnosis as well as interven-
tions. Minimally invasive percutaneous procedures pentmt

cordingly. Second, the effects of chest motion due to patien
breathing have not been considered at any time, although the
importance is crucial for chest or abdomen applications.

To solve these problems, we are currently developing &
robotized CT-guided needle insertion system with haptédfe
back [7]: a needle positioning robot which is compatiblewtite
CT-scan has been developed [8] and can be fastened to thatpati
so as to compensate for chest motion due to patient breathin
The needle positioning robot is based on a 5-DOF paralletstr
ture to set the position and orientation of the needle. Aestiaic-
tic system allows to locate the target of the treatment ierexfce
with the robot using only one CT-scan image [9]. The stiffnefs

with a CT-scan for chest or abdomen treatments [1] reduce the the structure is improved thanks to its parallel architestand

trauma for the patient while ensuring the accuracy of the sur
geon’s gesture. In such treatment however, the radiolagest-
posed to harmful X-rays during needle insertion. X-raysfint
sity is even more harmful when CT fluoroscopy-guided intarve
tion is achieved to improve gesture accuracy. A roboticesyst
designed to position and introduce the needle at a safemndist
can therefore be an adequate solution to improve percutaneo
procedures.

compactness is optimized so that a standard CT-scan carbe us
for the intervention.

As far as we know, very few papers have been publishe
about the design of a robotized needle insertion devicentrab
the penetration of the needle. Friction-based insertiosicds
have been proposed in [6,10]. They are mostly interesting be
cause of the large stroke of the needle: since its displactine
obtained by a continuous rotation movement, the system con

CT-guided surgery systems have already been proposed.pactness is ensured. Friction also mechanically allowsnii |

The RCM+PAKY system [2-4] has been efficiently used in
the operating room. Clinical experiments [5, 6] have alserbe

1

the insertion force, since those devices provide the surgéii
no haptic feedback. On the contrary, in the case of our roboti

Copyright © 2005 by ASME



system the needle displacement and the interaction fores h
to be evaluated to give the surgeon the needle tip positiareds
as the insertion effort. In this paper, a new robotized reeaul!
sertion device is proposed to fulfill the requirements of o&n
force-controlled needle insertion. The design constsawttich
have to be complied with include compactness, as the deaige h
to be CT-scan compatible, and preservation of a safe anitester
environment owing to the medical context involved.

In the next section, the overall structure of the needle po-
sitioning robot is briefly reviewed. The design of the progbs
needle insertion device shall then be presented, outlitsrigne-
matic properties and its thorough adequacy with medicalireq
ments. In the last section, the current development of thepr
type shall be described and a first validation of the propesed
chitecture will be demonstrated through preliminary ekpen-
tal results. Conclusions on further developments of theriien
device and the overall robotized system will finally be drawn

Figure 1. CT-BOT CAD MODEL.
THE ROBOTIZED PERCUTANEOUS THERAPY SCE-

NARIO

In this section, the overall structure of the needle positig
robot is briefly recalled, with the associated intervenfioce-
dure. It outlines the design requirements of the needleatinse
device. Further details may be found in [7, 8].

The Robotic Positioning Device

The needle positioning robot called CT-Bot is a parallel
mechanism attached to the abdomen of the patient with dpecia
straps. Its volume is less than 2@@00x 250 mn¥. It weighs
less than 5 kg which is suitable for most patients. This mech-
anism features the five degrees of freedom required to positi
the needle and orient the line supporting its axis. FigurasdL2
show the CAD model of the CT-Bot and a constructed prototype.

The structure is composed of one 6-bar linkage and a 4-bar
linkage joined together by the end-effector. Due to the chofif
the legs geometry, the forward and inverse kinematic maxels
be computed analytically.

The positioning of the end-effector is obtained using ultra
sonic motors. The high holding torque of these motors fits par
ticularly the safety requirements in this medical applaat the
needle positioning robot remains motionless in case ofiantal
power failure.

Figure 2. CT-BOT PROTOTYPE.

using a specifically developed marker linked to the base ®f th
robot. From one CT-scan image of this marker, the robot bas
position and orientation can be computed [9]. It is necegssar
to notice that, due to the limited thickness of the CT-scan im
age slices, the needle tip is not always visible. In pardiGuhe
needle tip is very likely to be invisible in the slice of thegat

The Robotized Percutaneous Procedure (e.g. a tumor). It is therefore necessary to estimate the needl|
Once a percutaneous therapy is decided by the practitioner, tip position with respect to the CT-scan images using thellece
the procedure is composed of three main steps: insertion device.
1 - Registration of the Robot with Respect to the 2 - Displacement of the Needle Positioning Robot.

Patient. The robot registration in the CT-scan is performed From the previous registration, the robot end-effector ban
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positioned for the insertion procedure. The positioninges-
formed using a collision avoidance algorithm so that theickev
configuration is always valid.

3 - Force-Controlled Needle Insertion Using Haptic
Feedback. When the robot end-effector position and orienta-
tion are obtained, the needle insertion can be performea Th
practitioner uses the visual feedback of the CT-scan imags-t
timate the required displacement and the haptic feedbagktto
information on the nature of the tissues. The self-rotatibthe

e i

needle may also be needed to orient the bevel of the needle. L ~ P \

The needles have dimensions which vary from 100 to 180 i
mm in length and & to 24 mm in diameter. The available space 1. Needle positioning robot
to carry outinsertion is limited by the size of the ring of 8oan- = platform
ner and the corpulence of the patient. The minimal available @ - ‘\
ume corresponds to a 200 mm radius half-sphere centereeon th —— 0—{@'—* 2. Interface for force
entry point of the needle on the patient’s skin. A main caistr . ) measurement

of the insertion device is therefore its compactness.

To summarize, in this robotized percutaneous therapy sce-
nario, the needle insertion device has to provide:

4. Meedle insertion mechanism

1. two degrees-of-freedom, the needle insertion displaceém
and its self-rotation,

2. the insertion force measurement to provide the prangtio
with a force feedback,

3. an insertion principle compatible with the small avalitab
volume in the CT-scan, and which allows us also to locate
the needle tip with respect to the robot end-effector,

4. safety and sterilization properties.

&

Figure 3. EXPLODED VIEW OF THE NEEDLE INSERTION DEVICE.
DESIGN OF THE INSERTION DEVICE

In this section, the main elements of the insertion deviee ar
presented to outline its integration on the existing nedis-
tioning robot. The device design is then detailed, before in
troducing the needle kinematics, the insertion force measu
ment principle and the device compatibility with medicat re
quirements.

Design presentation

Grasping of the Needle.  The grasping of the needle
is carried out using two specifically-designed miniaturaats
allowing the insertion device to grasp needles with variiam-
eters. Each chuck is composed of a body, three jaws, a spur ge
and an indexing ring (Figure 4). The rotation of the gear with
respect to the body generates a radial displacement of W ja

Global Overview and consequently the grasp or release of the needle.

The main components of the needle insertion device are pre-
sented on Figure 3 with the platform of the needle positignin Insertion Mechanism Design. The insertion mecha-
robot (item 1 on the figure). The device is composed of three nism is composed of a casing and a mobile carriage in tramislat
parts: the interface supporting the sensors for needletiose with respect to the casing (Figure 5). A chu€kis mounted on
force measurement (item 2), the driving mechanism inclgidin  the casing while the oth&l; is linked to the carriage. This latter
the actuators for all the needle displacements (item 3) had t is displaced by means of the shaft 1 thanks to a nut. The tighte
needle insertion mechanism that performs both grasp and dis ing/release of the chucky andC; is obtained by the rotation of
placements of the needle (item 4). the shafts 2 and 3.

3 Copyright © 2005 by ASME



pression springs so that a rotation of the shaft 4 inducesxhe

Indexing ring :
traction of the chucks.

Spur gear
Through-hole Driving Mechanism Design. The driving mechanism
Body is composed of two piezoelectric ultrasonic motbts and M,
. (Figure 6). The shaft 1 is actuated by the madtbrfor carriage
aw

translation. The motoM, drives simultaneously in rotation the
shafts 2 and 3 with opposite directions, thanks to a speeiat g
arrangement. The rotation of only one actuator operatas-the
fore the simultaneous tightening of one chuck (for exangle
connected to shaft 3) and the loosening of the otardon-
nected to shaft 2).

A spring-pulled locking blade is maintained armed by a con-
trolled holding electromagnet. In case of power failure, tiold-
Figure 4. EXPLODED VIEW OF A CHUCK. ing effort vanishes and the locking blade swivels of a fiacti
of turn. In this way, it drives the shaft 4 in rotation whickatf
causes the release of the stems 1 and 2.

ETATECL,

Shaft 4 Shaft 1

"

Shatt 3 Shatt 2

Shaft 3
driving pinion

Shaft 2 Motor M;

driving pinion

Casing

Motor M;

Shaft 1
F driving pinion
Carriage Ep

"—Locking blade

Chuck C,

Holding
electromagnet

Pawl

Chuck C,;

Figure 6. DRIVING MECHANISM.

Stem 2

Stem 1
Device Kinematics

Needle Translation.  To perform the large needed nee-
dle translation in the limited available volume, the tratisinal
movement is split into a sum of elementary translations.s€he
elementary displacements are obtained using translafitineo
carriage and alternate tightening of the chucks (figure 7).

Initially, the carriage is in its upper position and the ckuc
Co is tightened on the needle. The needle guidance is ensured |
ehaving the jaws of the lower chue® in loose contact with the
needle (figure 7-a).

The insertion movementcycle is then divided into four steps

Figure 5. INSERTION MECHANISM.

For each chuck, a pawl system controls the rotation of the
indexing ring so that the chuck self-rotation is blockedidgr
a needle release. On the opposite, the chuck and the needl
can turn simultaneously during a needle tightening if thelied
torque is beyond a threshold defined by the pawl system design
The two chucks are locked in position using two stems (Fig-
ure 5). These stems are pushed in release position by two com- 1. The carriage is translated to its lower position (Figut®.7
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Figure 7. INSERTION CYCLE.

2. The chuclC; is loosened whil€; is tightened on the needle
(Figure 7-c).

3. The carriage is translated back while the needle pogiden
mains constant due to its grasp with the chGgKFigure 7-
d).

4. The chuclC, on the carriage tightens whereas the lower pre-
hensolC; releases the needle (Figure 7-e).

This cycle is iterated until the needle tip is at the desired
position. For needle extraction, the movement is similarepx
that the carriage stands initially in its lower position.

Needle Rotation.  As previously presented, the pawl sys-
tems installed on the chucks limit the tightening torqueiapio
the needle. Beyond a given torque threshold, the tightehedkc
can rotate with the needle providing in this manner a securit
against overloading.

It should therefore be noted that the single mdiyr not
only performs the needle tightening/release but then dlsovs
the practitioner to rotate the needle about its axis. Asaltghe
proposed system features a needle self-rotation capalsiéful
for the surgeon to modify the orientation of the bevel withai
additional actuator.

Insertion Force Measurement

The interface (Figure 3) is connected to the platform of the
needle positioning robot by three 1-DOF bidirectional éosen-
sors symmetrically placed on a circle of radiudrawn around
the needle axis (Figure 8).
(A1,A2,A3) are miniature tension/compression load cells. Vector
Z indicates the needle axis which is different from the digect
of the gravity vecto (not represented on Figure 8). The entry
point B on the patient’s skin is located at a distanc&om the
plane A1,A2,Az). We call A/ the system composed of the nee-
dle insertion mechanism, the needle and the three forcesens
The external actions of\l are the force and torque exerted by
the skinS on the needle, the action of gravity and the action of
the robot platform on the force sensors. Each sensor enibles

5

measure the-componentf; of the action of the robot platform
at pointA;. After deriving the conditions for systef{ equilib-
rium, thez-component of the effof_ , exerted by the skin on
the needle can be computed from the force measurenfignts
and fs:

FSﬁN-‘Z':Mgz-‘Z‘—fl—fz—fg

whereM and—gZz; denote the mass of the insertion mechanism
attached to the platform of the robot and the gravity acedien
vector. The platform orientation remains constant durirein-
sertion so thavMgZz - Z is a measurement offset easily identified
before the needle penetration.

The special arrangement of the 1-axis bidirectional sensor
enables us also to calculate two components of the torquieelxe
by the skin on the needle, expresse®in

- s r rv/3

Tos X =Mg (06X B) - X~ 52— fs

- s rv3 r
Toson Y =Mg (08xB) - V4rf1-=f— 5

whereG denotes the center of mass of the insertion mechanisr
and thex symbol stands for the vector product. These informa-
tions on the torque applied to the needle can be useful fdralon
purposes to detect lateral flexure under needle insertemfing.

Medical Requirements

With the proposed design, the robotized insertion deviee ex
hibits several safety properties. First, the grasping efrteedle
and its displacement are completely decoupled from a kitiema
point-of-view and operated by non-backdrivable transioiss
The control of the system is hence simplified and the neeglle ti
position is not influenced by the interaction with the enmiro
ment. Furthermore, the use of ultrasonic motors enhanéetysa
in the event of a power failure since the configuration of the-n
dle driver remains unchanged. Finally, the chucks linketh&o
needle can be extracted at any time during the needle ioserti
or extraction, thanks to the holding electromagnet locatethe
driving mechanism. The robotic system can therefore bendise

These sensors located at pointsgaged in a few seconds if it is necessary for medical reasons.

Concerning the sterility requirement, it should be noteat th
the proposed needle insertion device has two main parts. Tr
active part of the system comprising the force sensors aad th
driving mechanism is attached to the platform of the positio
ing robot. The robot and the active part of the needle inserti
device can be wrapped in a sterile bag whereas the passive p:
corresponding to the needle insertion mechanism can bly eas
detached and sterilized. The chucks constructed out otpoly
bonate can also be sterilized and used as disposable units.

Copyright © 2005 by ASME
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Figure 8. SCHEMATIC REPRESENTATION OF FORCE SENSORS LO- Figure 9. FABRICATED PROTOTYPE OF THE INSERTION DEVICE.

CATION.

CURRENT DEVELOPMENT AND PRELIMINARY EX-
PERIMENTS

In this section we present the current state of developnfento
the needle insertion device. A first prototype has been prediu
to achieve some preliminary experiments concerning thect
compatibility and the tightening capability of the chucks.

Current Development

The first release of a prototype was constructed to validate
the presented design. Most of the parts were obtained using a
rapid prototyping system except the threaded shaft 1 that wa
machined with conventional means (Figure 9). In the same way
since the chucks physical properties needed to be closesto th
final-product ones a mold was constructed using rapid tgabn
produce polycarbonate chucks (Figure 10). Due to their Ismal
size, mechanisms such as the pawl systems and the quicleneedl
release feature are still in development.

Figure 10. FABRICATED PROTOTYPE OF A CHUCK.

dle sliding in the chucks.
The experimental set-up is composed of the insertion de
Needle Tightening Capability vice, a needle, an ATl Nano-17 6-axis force sensor, a PC fiar da
Initially we expected to perform insertion forces up tolR0 acquisition, a spring-pulled cart sliding on two columnslan
[7]. However, previous experiments [11] showed that this-co ~ 6-DOF robot FANUC LR-200i (Figure 11). The needle and the

straint for the robotized insertion device was somewhateste insertion device are linked to the robot, and displaced aira ¢
mated. Experiments have been achieved to validate thentlyrre ~ stant speed of 1 mm/s.
developed prototype behavior, and especially the absdmzsee Thanks to the spring-pulled cart, the position control & th

6 Copyright © 2005 by ASME



(a) Global View

(b) Close-Up

Figure 11. EXPERIMENTAL SETUP FOR NEEDLE INSERTION EF-
FORT CAPABILITY.

needle tip achieved with the robot must be equivalent to eefor
control of the effort applied on the needle tip. Using a viglec
controlled needle displacement, the effort measured whith t
force sensor in contact with the needle tip must thereforg va
linearly.
The results of the experiments are given on Figure 12, where

discontinuities in the force/displacement relationship due to
sliding in the chuck. No needle sliding is observed for arff

5
O -
~ ~5f 7
£
5
i
_107 -
L
_157 -
_20 L L L L L
0 10 20 30 40 50 60
Displacement (mm)
Figure 12. EFFORT MEASUREMENTS DURING THE NEEDLE DIS-

PLACEMENT (UPPER CURVE: 0.72 mm NEEDLE, LOWER CURVE:
1.27 mm NEEDLE) - NEGATIVE VALUES ARE DUE TO THE COM-
PRESSION EFFORT OF THE NEEDLE TIP ON THE FORCE SENSOR.

below 10 N for the two tested needles 027 mm and 072 mm
diameters. The maximum transmitted efforts are equal 16 15
and 145 N for respectively the 27 mm and 072 mm needles.

The deviation between the two curves is quite certainly dulee
flexure of the needles, which does not influence the expetahen
results. This first evaluation of the needle tightening téjia
of the insertion device tends to validate the proposed desig

CT-Scan Compatibility

Some experiments have been conducted at the Universit
Hospitals of Strasbourg to perform trials on a phantom. g3
shows a DICOM image acquired from the CT-scan with the nee
dle positioning robot equipped with the insertion deviceribg
this experiment the overall system demonstrated a coraelct r
olucency. Almost all the needle barrel is visible and veny fe
artifacts in the CT-scan image are due to the insertion édtic
self.

Platform
Needle

/Eck G

Marker Chuck G

Figure 13. CT-SCAN IMAGE OF THE ROBOTIC SYSTEM.

CONCLUSION

In this paper, a new needle insertion device has been prc
posed. This device is included in a robotic system dedictated
gesture guidance in percutaneous procedures.

A grasp/release scheme has been proposed to accommod
various size of needles and to allow force sensors integrati
for haptic feedback. The specific kinematics ensures theeev
compactness required for a use in a CT-scan without intiaduc
redundant actuation since two motors control the two reguir
DOF. With the proposed design, the needle displacements a
controlled in a safe way and quite high insertion forces a® p
sible. The system architecture facilitates its sterilmagnd the
quick disengagement of the robotic system if required fodme
ical reasons.

Copyright © 2005 by ASME



The first release of a prototype has been issued and tested

during preliminary experiments. Further evaluations Wélper-
formed on a bench and in a CT-scan to validate the design. The
development of the robotic system will then include the glesi

of a specific haptic interface to interact with the surgeon.
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