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Abstract Results  Sixteen insertions were completed (14 in liver and
Objective The objective of this study was to evaluate two 2 in lung) and 12 released the needle upon the desired set
features of a new rotating needle driver in a domestic swinéorce. The mean response time of the quick release mecha-
model: (1) a quick release safety mechanism and (2) theism was 202+ 39 ms. Needle rotation resulted in reduced
impact of spinning the needle on the force proble. insertion force.

Materials and methods The experiments were conducted Conclusion The robot-assisted needle insertion system was
in a multi-modality interventional suite. An initial CT scan shown to be functional in a multimodality imaging clinical
was obtained to determine the location of the target, in thenvironment on a swine model. The system has potential
liver or lung. The robotic arm was positioned directly over thefuture applications in precision minimally invasive proce-
marked skin entry point. Control parameters were set to rotadures including biopsy and radiofrequency ablation.

tion speeds of 0, 90, or 180 rpm. The breakaway force magni-

tude was also preset to a predetermined force. The physiciddeywords Robotics/instrumentationSafety-

used the joystick to drive the needle towards the target whildlinimally invasive- Rotating needle driver

the system recorded needle insertion depth and forces.

Introduction
The mention of commercial products, their source, or their use in

connection with material reported herein is not to be construed as L . .
either an actual or implied endorsement of such products by the U.S.N“mma"y invasive procedures have become standard med-

Food and Drug Administration, the Department of Health and Humanical practice in many settings due to numerous advantages
Services or the Public Health Service. such as decreased recovery time, cost, trauma, and complica-
tions in comparison to conventional surgery. The applications
of these procedures range over a variety of specialties
including but not limited to urology, cardiology, neurosur-
gery, orthopedics, radiation oncology, oncology, and inter-
ventional radiology. Many of these minimally invasive
procedures rely upon accurate insertion of a needle to an
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anatomical target to deliver therapy or obtain tissue samples
from a pre-determined specibc location.

A few common examples of needle-based procedures
include biopsy, radiofrequency ablation (RFA), and prostate
brachytherapy. The outcome of minimally invasive proce-
dures such as RFA depends on the size and location of the
target lesion and the experience of the physician. For a com-
plete zone of ablation, RFA requires the diameter of the abla-
tion sphere to be 2 cm greater than the tumor to obtaina 1cm
margin [1]. Prostate brachytherapy is another needle-based
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procedure that requires placement of radioactive seeds at For robot-assisted needle insertion systems to be used in
pre-planned locations around the prostate. Typically aboute clinical setting, they must overcome these safety issues.
100 radioactive seeds are placed to provide adequate co@ne solution is to use just a passive guide and have the
erage of the tumor site. Currently, needles or electrodes agghysician insert the needle, as in the Neuroma$robotic
manually inserted into a target by the physician, primarilysystem (Integrated Surgical Systems Inc., Davis, California,
under image guidance. This requires a signibcant amount &fSA). Atthe other end of the spectrumis a fully active robotic
training, coordination, and 2D to 3D extrapolation. Proce-system such as the Roboddd] (Integrated Surgical Sys-
dures such as these also potentially expose the patient atem Inc.) for total hip replacement. These robotic systems
physician to signibcant radiation. Inaccuracies in needle dnave addressed safety concerns, but only in clinical settings
electrode placement for these procedures and lack of nawith predominantly rigid structures. Safety concerns for min-
igation devices to aid placement may result in increaseimally invasive robot assisted needle insertions musttake into
procedure time, morbidity, inaccurate diagnosis, or tumoeaccount mobile soft tissue characteristics and dynamic tissue
recurrence?]. deformations common in non-rigid anatomy.

In recent years, robot-assisted needle insertion has Tissue deformation and needle del3ection are also effects
attracted attention because of its capabilities to provide assig+hich must be addressed for optimal robotic assistance. Fric-
tance in minimally invasive procedures. Computers andionalforces betweenthe needle shaftandtissue are one ofthe
robots have been used in combination with these proceduresuuses of tissue deformatiatipl9]. Some other factors that
and have demonstrated enhanced performance under diredt$o affect tissue deformation include axial insertion rate and
physician guidance simultaneous with human input as contip geometry. Force modeling has been applied to measure the
paredto the more conventional method of the physician alonstiffness, friction, and needle geometry effects during needle
without robotic assistanc@]. Feasibility studies have been insertion in soft tissueslB, 20]. Rotation of the needle dur-
presented by Solomon et ald][to develop a tumor abla- ing insertion has been explored by multiple group$ 22]
tion treatment system that utilizes the Acubot robot systenncluding ours, to reduce deformation and thereby decrease
for accurate applicator placement tested in patients. Arobotheedle tip displacement. The effect of needle rotation dur-
cally assisted needle insertion system for prostate brachytheng insertion has resulted in less tissue damage, indentation,
apy has also been tested in phantoms by Fichtinger et and frictional forces. High-speed needle rotation in a robot
[5]. The system consists of a transrectal ultrasound (TRUS3ssisted prostate brachytherapy system has also been shown
and a spatially co-registered robot. A few other robotic systo increase the accuracy of targeting in agar phant@#s [
tems such as iGuides[7], Innomotion B], Pinpoint from  Such rotating needle driving systems may allow for more
Philips Healthcare Inc.9], HataOs Semi-Active robdt(],  accurate needle insertions.
compatible with CT and MRI, are under active development The aim of this paper is to evaluate the feasibility and
by various researchers as well (see revielis]?] foramore  safety capability of a new robotic-needle driving system in
exhaustive list). These systems may provide a safer worla swine model. The two updated mechanisms: (1) a quick
ing environment for the physician by limiting the amount release safety mechanism and (2) a rotating needle driver
of radiation exposure. More importantly, they are capabl¢dRND) were evaluated by exploring the reliability of needle
of enhancing outcomes by improving repeatability and accurelease and impact of spin on tissue deformation. The time to
racy which could in turn help address standardization of surdetect force overload and needle release was tested as a per-
geon skill variability. formance measure of the quick release safety mechanism.

Aside from accurate placement of the needle, a majoffo test the impact of spin on tissue deformation, needle
safety concern is the risk of tissue laceration due to respiradisplacement and force values were compared for predeter-
tory, organ, or patient movement when using a rigid robotianined spin speeds. The capabilities of the robotic system
needle driver. When the needle is inserted into the bodyjemonstrated in this preclinical animal study can potentially
patient movement due to breathing or shift may cause lacer&e applied to a wide range of other needle-based, minimally
tion or trauma. Respiration can cause tissue movement of liBvasive procedures.
20mm or more in the area of intere&8], greatly hampering
accuracy. Currently physicians try to stop patient breathing
during needle insertions for up to 20b25s time intendeds [ Materials and methods
and advance the needle at a consistent phase of the respi-
ratory cycle. However, this is primarily based on physicianThe robotic system used in these experiments is an updated
judgmentand s highly variable. The problem of variability in version of the OAcuBotO system built by the Urology Robotics
determining a consistent phase of respiratory cycle becomésboratory at Johns Hopkins Medical Institutiorisl23].
more relevant when the needle is held by a rigid device sucfihe original AcuBot comprises the OPAKYO (Percutaneous
as a robotic needle driver. Access of the KidneY) needle driver, the ORCMO (Remote
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Fig. 1 «a Rotating Needle
Driver (RND), b Remote Center
of Motion (RCM) orientation
module.c/d Force sensor,

e/f Head and Barrel grippers,

g Needle hub

Center of Motion) orientation module, and joystick control. forces at the nozzle tip. Therefore, this force sensing capa-
A three degree of freedom Cartesian stage, passive positiohiity measures the interaction between the needle shaft and
ing S-arm, and Obridge frameO enable the system to achi¢lie surrounding tissue.

a compact and Rexible design for interventions at multiple The needle driver can also measure the axial force along
points along the body. the needle. This force is calculated by sensing the torque

Prior experiences using the AcuBot system in clinical tri-applied to the mechanism driving the upper arm of the nee-
als for spinal nerve blocks showed the need for some systedie. This torque is then converted to a force along the needle
enhancement2fl]. The main focus of these enhancementsdirection by accounting for the kinematics of the drive train
was a complete redesign of the needle driver. Three newechanism. There is some noise from friction in this mea-
components were added to the needle driver: (1) a mechaurement, but by pressing manually along the direction of the
nism to spin the needle, (2) force sensors, and (3) a needieedle and observing the reported force, it has been observed
release mechanism. The updated system is referred to as timat this capability provides a reasonable representation of the
OAcuBot1 V2-RNDO and shown in Flg. actual force.

The compact RND holds the needle from two points for A safety mechanism is also built into the needle driver
enhanced support and accurate insertions. This design pr®- release the needle which can be triggered manually or
vents buckling of long thin needles. Moreover, it is capableupon a desired force level measured by the force sensors.
of spinning the needle during insertion in either direction.The needle is quickly released from the two grippers, one at
Rotation of the needle may help to reduce the resistive forceke head of the needle and one close to the skin as shown
by the Odrilling effect.O Needle rotation may also be favorabla Fig. 1. The gripper at the head of the needle controls the
by changing a higher static friction between tissue and needkgpin and inserts the needle while the second gripper, close
to a lower kinetic friction thus reducing insertion forces.  to the skin, guides its direction. Both grippers were fabri-

One unique feature of the needle driver is the built-incated from Delrin plastic and were designed to include two
force sensing capability. There is a custom force sensor buittnger-like arms which clip together to hold the needle and
into the lower arm that holds the nozzle (Fig. As can be swing aside during release as shown in HigThese grip-
seen in Fig2 the mechanical structure of the lower arm haspers are low cost and can be easily manufactured to accom-
been machined so that it will de3ect very slightly when anymodate standard needle sizes. They can be sterilized and are
force is applied to the nozzle holding the needle. Strain gagedisposable.
have been mounted on the lower arm to sense this defRection. Experiments to test the AcuBotl V2-RND system were
Through a calibration process and calibration matrix, the outperformed on domestic swine in a multi-modality interven-
put of these strain gages is converted into three orthogonéibnal suite, specibcally designed for translational and
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Shroin Max Prin (WCS)

Fig. 2 Custom force sensor

built into the lower arm and
based on strain gage readings as
shown in the right hand Pgure.
The darker colors indicate

higher strains

Fig. 3 a AcuBotl V2-RND
mounted on the control cabinet,
b Custom Obridge frameO,

¢ Needle driving unitd Needle
driver,e Computer system
screenyf Joystick control

pre-clinical evaluation of image-guided devices. All animal The control parameters were then set to one of the three
care and use procedures were approved by the Institulifferent rotation speeds: 0, 90, or 180rpm. Other literature
tional Animal Care and Use Committee. A domestic swinehas published work with max spin values up to 2,000 rpsh [
(100b1251bs) was initially sedated with a mixture of keta-however, for this system the maximum spinis 180 rpm. Thus,
mine, xylazine, telazol, and butorphanol, then intubated andre chose this to be our maximum rotation speed and an inter-
maintained under general anesthesia with iso3uorane. Onoeediate rotation speed of 90 rpm was also selected. At each
the animal was placed supine on the CT table, the AcuBotbf these speeds 6, 7, and 3 needle insertions were performed
system was mounted onto the table using a custom designeelspectively. A breakaway force magnitude was also selected
mount and Obridge frameO, shown inBagFigure3b shows  so that needle release would always occur due to respiratory
the animal setup with the system positioned over the animotion. This value was enough to accommodate respiratory
mal on the CT table. A preliminary CT scan was obtained tdorces but then releasing the needle at greater forces might
determine the location of the targetin the liver. For each insereause laceration. The physician also created a small incision
tion, a different target and skin entry point were determinedat the marked point to facilitate needle advancement. This is
by the physician. The physician then marked the skin entryot a standard practice in the clinical setting. However, due
point on the pig. After proper securing of an 18 gauge 15 cnto the thickness of porcine skin compared to human skin, this
Diamond GREENE tip (COOK Biotech) needle within the was necessary to allow the needle to be inserted. The pigOs
needle driver, the robotic arm was positioned directly ovebbreath was held at the end of inspiration while the physi-
the marked skin entry point. cian used the joystick to drive the needle towards the target.
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Fig. 4 A sequence of images
capture the insertion of the A Time t = 0s Time t=1s Time t = 2.10s
needle using the rotating needle 3
driver, and the subsequent
smooth, quick release of the
needle at the end of insertion.
1-3 display of needle insertion,
4-5 beginning and end time of
needle breakaway,end of
needle release

The control software of the robot then recorded the needlsitivity of the force measures, these two failures suggest that
insertion depth and forces in th& Y, andZ directions for  the quick release mechanism should be adjusted to account
analysis as described later. for tissue variation based on CT image data. Other models to
Figure4 shows a typical smooth, continuous insertion ofdetermine force probles for this safety mechanism are being
the needle and its release after reaching the target, trigger@u/estigated. The other two failures that did not release were
by the sensed forces. Sequences 1D3 show the needle bgimgnarily due to excessive use and deterioration of the Delrin
inserted into the pig, while sequences 4 and 5 display thgrippers. However, in the clinical setting, this would not be
beginning and end time of complete needle release from then issue because such low cost, easily manufactured parts
system. Alternatively, the release could also be manually trigean be disposed of after a certain number of insertions.
gered by the radiologist once the insertion is completed. The response time of the quick release mechanismis also a
crucial factor in ensuring safety during needle insertions. To
determine the response time, we analyzed the norm of lateral
Results forces (both x and y directions). The number of clock ticks
between the controller detecting the pre-determined release
A total of 16 insertions, 14 in liver and 2 in lung, were per-threshold and the norm of the nozzle force falling below
formed. The two lung insertions were performed to see 0.1 N was recorded. The periodicity of the clock was 30 ms.
there was a difference with the needle driver performanc&igure 5a shows a typical proble of the recorded nozzle
between lung and liver. There was no signibcant differencéorce annotated with the start of needle release and instance
in the two lung trials (insertions 15 and 16 in Figh) and  whenthe needle is Roating freely. Figliedisplays the time
the liver trials. Nonetheless, of these insertions 12 releasdaetween detection of a predetermined breakaway force and
completely upon the desired set force and four failed. Two oheedle release. The mean for this measurement was-202
the four failures were released before reaching proper dep®0 ms.
during insertion and two did not release at all. Needle release A plot of the force versus needle displacement curve and
prior to achieving proper depth was due to the needle intera@verage values of area under this curve with respect to needle
tion with more compact tissue, specibcally muscle. Thoughotation speed is shown in Fi§. Also shown in Fig6b are
the experiments were not explicitly designed to evaluate serthe maximum and minimum values for each of the spin rates.
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Fig. 5 aA typical proble of
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As seen, there is a marked reduction in the variability of this It has been suggeste#l]] that continuous rotation of the
metric with rotation. This data shows the potential for needleneedle might cause more tissue damage as a result of defects

rotation to reduce insertion force. in the shape of the needle. Our observations have beenin line
with this suggestion at high speeds, though not necessarily
Discussion and conclusions at lower speeds. However, our design provides two contact

struts or points of support for the needle, one at the head
The effects of needle rotation and orientation reversal at hatind the second close to the skin entry point. This reduces
of the insertion depth have also been shown to increase thbe chance of buckling or deformation of the needle due to
accuracy of targeting by other researchéis22]. This gain  insertion forces.
in accuracy has been shown to be due to reduced frictional In conclusion, a novel robotic needle driver was presented
forces between the needle shaft and the tissue. However, &s applied to an in vivo swine model. The system was shown
in vivo animal models difbculties arise when measuring théo be functional in a multimodality imaging clinical envi-
contributions obtained from needle rotation, due to factorsonment and provided a compatible workBow. The quick
such as respiratory motion and organ movement. The effecelease safety mechanism of the system was demonstrated
of needle rotation is also likely to be related to tissue typeas a safety tool which may prevent tissue laceration and
needle beveling and tip shape. Furthermore, the inhomogérauma, and could be a solution to a major hurdle facing active
nous mechanical properties of soft tissue make direct meareedle drivers for standard clinical practice in needle-based
surement of these frictional forces between the needle shgfrocedures. Safety mechanisms such as these are necessary
and tissue complex and noisy as seen by the nozzle force seior wider acceptance of robotic assistance in needle-based
sor. Thus, to evaluate the effect of needle rotation we lookegrocedures. The response time for the quick release safety
at the area under the force proble with respect to the neerechanism was sufbcient for this proof of concept study.
dle insertion depth. The intuition behind this metric is thatThe RND may also provide an advantage by reducing tissue
it can act as a proxy for the work done by the needle drivedeformation and increasing the accuracy of needle targeting.
in inserting the needle. This measurement was collected @lthough the focus of this study was based on biopsy proce-
different points in the swine liver and values were averagedlures, this robotic system can potentially be applied to awide
to reduce the effect of tissue inhomogeneity. range of other needle-based minimally invasive procedures.
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