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The goal of this project is to design and develop a teleopdnataster-slave surgi-
cal system that can potentially assist the physician ingoeriing breast biopsy with a
magnetic resonance imaging (MRI) compatible robotic syst®RI provides superior
soft-tissue contrast compared to other imaging modakties as computed tomography
or ultrasound and is used for both diagnostic and therappudcedures. The strong mag-
netic eld and the limited space inside the MRI bore, howevestrict direct means of
breast biopsy while performing real-time imaging. Therefaurrent breast biopsy pro-
cedures employ a blind targeting approach based on magaestinance (MR) images ob-
taineda priori. Due to possible patient involuntary motion or inaccurasertion through
the registration grid, such approach could lead to tooldgifponing errors thereby affect-

ing diagnostic accuracy and leading to a long and painfutgss, if repeated procedures



are required. Hence, it is desired to develop the aforemead teleoperation system to
take advantages of real-time MR imaging and avoid multiptp$y needle insertions,
improving the procedure accuracy as well as reducing thekagrerrors.

The design, implementation, and evaluation of the telesijmer system is presented
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robotic system for clinical applications.
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Chapter 1
Introduction

1.1 Background for Breast Cancer

Breast cancer is a class of malignant tumors that begin inghe of the breast. It can be
noninvasive or invasive. The noninvasive breast cancéss,clled “in situ”, originate
from the ducts (ductal carcinoma in situ (DCIS)) or lobulksbglar carcinoma in situ
(LCIS)), within which they are con ned before invading otliweast tissue. The invasive
breast cancers, on the other hand, have broken through th@dglandular walls from
the sites of origin inside the ducts or lobules and sprealddastrrounding breast tissue.

In American women, breast cancer is the most frequentlyndiagd cancer, exclud-
ing cancers of the skin. According to the American Canceie®gavery one in eight of
American women will be diagnosed with breast cancer in lietilhe, and that accounts
for nearly one in three cancers diagnosed, excluding carafethe skin [3]. It is also
the second leading cause of cancer death among Americannydatiewing the lung
cancer [4]. Those gures and facts evidently show that ldreascer is severely affecting
the quality of life of women. Compared to its high mortalityadater stage, breast cancer,
when at its early stage and the tumor is still small, usuadgsdnot cause symptoms and
is more treatable. Hence, it is desirable to detect and tineabreast cancer at the early
stage.

The traditional means for early detection of breast caneenammography and



clinical breast examination (CBE). Mammography uses Iowrgy X-rays to examine
the breast while CBE is done by a health professional usitigapan. Both means are
used mainly as screening tools, and further diagnostiaigales are needed, including
ultrasound (US), computed tomography (CT), as well as nagnesonance imaging
(MRI). US is typically used for further evaluation of the jose diagnosis found in
mammography or CBE, yet it can only provide images with leditesolution and low
quality. CT can provide images in 3D space with high resohytbut it relies on multiple
X-ray scans, and the signi cant amount of ionizing radiatgan adversely induce cancer.

On the contrary, MRI can provide high quality images with exiqr soft-tissue
contrast [5] but without employing ionizing radiation. Euer, it is able to provide tem-
perature mapping, which can potentially be used to assessshlt of thermal treatment.
Hence, MRI has been gaining popularity in recent years,aaibein clinical tumor di-
agnosis. A recent study reported in [6] concluded that MRibe to detect cancer in
the contralateral breast that is otherwise missed by mamapbg and CBE at the time
of initial diagnosis of breast cancer (and the negative iptwe value of the cancer us-
ing MRI is 99%). Another study shows that MRI can improve tbdity of diagnosing
DCIS, especially DCIS with high nuclear grade [7]. Thesal®s strongly support the
application of MRI as a detection tool for breast cancer.

Though MRI, along with other clinical detection and assessnmeans including
CBE and other imaging techniques such as CT and US, may gretidngly sugges-
tive clues of a cancer diagnosis, microscopic analysis efstiispicious breast tissue is
necessary for a de nitive diagnosis of breast cancer amhsitive, to acquire further in-
formation and help determine the appropriate treatmentl[B¢ suspicious breast tissue
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sample for the microscopic analysis is usually obtainedvwiaedle biopsy, yet it requires
a reliable and accurate means of guidance so that the tiasyded is actually biopsied
from the suspicious region of interest (ROI). With its supesoft-tissue contrast to iden-
tify the tumor boundary while avoiding the harmful ionizirediation of mammography
and CT or the poor image quality of US, MRI has also been modelyiused as guidance
for the breast biopsy procedures.

To take full advantage of the unparalleled image quality softitissue contrast of
MRI, special care has to be taken to comply with the restm&iMRI has posed. MRI
is an imaging technique that can acquire the detailed @essenal images of human
body, just as CT could, but it is based on a harmless strongnetiag eld rather than
the harmful ionizing radiation that CT requires. The statiagnetic eld strength is
typically 1:5T to 3:0 T, and the technology development is pushing this number up to
7:0T [8]. While requiring the strong static magnetic eld to berhogeneous to acquire
high-quality images, MRI also applies changing magnetédgmt eld and strong radio
frequency (RF) magnetic eld for image acquisition [5]. Tiigh magnetic elds of MRI

make constrains severe as described below:

The strong magnetic elds needed for magnetic resonance) (MRging can only
be created and maintained in a limited spatial volume, itille Foom for the physi-
cian to maneuver inside. To achieve high in-bore magnetids @ssential to ac-
quire high-quality MR images, most commonly used MRI scasiterecent years
adopt small closed bore design of cylindrical shape. Therimiameter (ID) of

those cylindrical scanner bores is generd@ycm Such a small space has to tin



the patient along with an appropriate imaging coil, whiclused to enhance the
image quality. Little room will be left for the physician tegorm any procedure

or treatment while the patient is inside the scanner bore.

The strong in-bore magnetic elds limit the equipment thah de used inside the
scanner bore. The high static and changing magnetic griaaiels preclude the
use of ferromagnetic or paramagnetic materials, sincec¢haybe attracted by the
magnetic elds and become dangerous projectiles, damab@dRI scanner as
well as harming the personnel. Should anything be usedenkielMRI bore, it has
to be MRI safe, i.e., presenting no additional risk to theguat[9]. In the mean-
while, the equipment used should not interfere with the netigrelds. To be more
speci ¢, neither the operation of the equipment should Becaééd by the strong
magnetic elds nor the homogeneous distribution of thestatgnetic eld, which
determines the quality of the diagnostic information of K@ images, should be
signi cantly affected by the operation of the equipmentloe MRI-safe materials
used to build it. That is de ned as MRI compatible [9]. Theostg RF eld applied
for image acquisition would also discourage the use of bualky-magnetic metal
materials close to the scanner center, as eddy current teulgenerated inside

those bulky metal and distort the magnetic elds.

With the above constraints, breast biopsies are curreettippned manually out-
side of the MRI bore based on MR images obtaiaegriori through a blind targeting

approach. It is comprised of the following steps:

(1) Putthe patient inside the MRI scanner and obtain MR imadé¢he breast to iden-
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tify the suspicious breast tissue;

(2) Slide the patient out of the MRI scanner bore;

(3) Insert the MRI-compatible coaxial breast biopsy neewlt the plastic guiding
cannula to a predetermined depth into the breast towardsugp@cious tissue site.
The insertion is performed using a blind targeting approacti is based on the

MRI images acquired priori;

(4) Remove the trocar needle but leave the guiding cannufdace and insert the
plastic blunt obturator (also known as stylet). The bluniuadtor acts as a MRI

marker and can enhance the visibility of the guiding canimuthe MR images;

(5) Slide the patient back into the MRI scanner bore and takeiages to verify if

the tip of the guiding cannula is at the desired location;

(6) Slide the patient out of the MRI scanner bore;

(7) If the tip position of the guiding cannula is not satistag, remove the guiding

cannula and the blunt obturator. Then repeat steps (3)—(6);

(8) If the tip position of the guiding cannula is right at thestted tissue site, remove

the blunt obturator only and insert the biopsy gun throughghiding cannula;

(9) Perform breast biopsy operation with the biopsy gun agime breast core sample

of the suspicious breast tissue for later microscopic ansly

(10) Remove the breast biopsy gun only and plant small MRblasmarkers through
the guiding cannula for future reference;

5



(11) Remove the guiding cannula from the patient.

The trial-and-error approach described above is a comp®mwi the aforemen-
tioned restrictions posed by the MRI scanner. It moves thiempiato the MRI scanner
bore so that procedures with intra-operative MRI guidarscpdssible. However, this
approach can lead to positioning error of the tool tip duéheopatient being slided into
and out of the scanner multiple times during the repeatepsyiattempts. This could
result in a long and painful process and could cause undum#do the patient. To take
the challenge, Sutherland et al. proposed to move the magribe MRI towards the
patient, and a mobilé:5 T MRI system was developed [10]. With such system, 46 neu-
rosurgical patients were treated successfully with trawiétl neurosurgical, nursing, and
anesthetic techniques. Effective as it has demonstrdiedsystem puts additional time
to the procedures, and is vulnerable to patient involuntaoyion. The ultimate solution
is to develop a diagnostic capability whereby the biopsy lmarguided and performed
accurately while the patient is inside the MRI bore undettiomous MRI guidance. This
calls for a robotic surgical system that could perform tharéel operation inside the MRI

bore by the teleoperation of the physician.

1.2 Robot-Assisted Surgery and Percutaneous Intervention

The concept of robot-assisted surgery dated back into :WBBshe initial motivation of
taking advantage of the reliability and precision of theatdddevice to carry out surgi-
cal procedures requiring accurate execution. The rst tessisted surgery with human

subject was performed on April 11, 1985 to obtain a tissugxafmom a suspicious brain



lesion [11]. The procedure carried out successfully andsitige biopsy was con rmed
on the rst sample. In this very procedure, a Unimation PUM@0Zobot was used to
work under the CT guidance and place the probe guide, thratgth the probe was
inserted to a certain depth for tissue biopsy. In 1992, th&@DOC from Integrated
Surgical System was introduced and successfully perfotmedementless hip replace-
ment surgery by precisely milling out a cavity in the femuhigh is very challenging
to achieve manually [12]. Such success also bene ted fraenctireful planning based
on images acquired via CT scans. The combination of robetbrtiques and medical
imaging guidance led to the means of performing many surgicecedures in a faster,
more accurate, reliable, and exible way, and the initiatsess greatly motivated the
development of robot-assisted surgery under image guegdanc

Along with the fast development of robot-assisted surgeayg the advent of mini-
mally invasive surgery (MIS) in surgical techniques. Theadf MIS was to carried out
medical surgeries in such ways that would minimize the trmauesulted form the large
incisions of conventional open surgery. This would gergta achieved by entering the
body through the skin or through the body cavity or anatohopanings and with min-
imal damage to those structures. It could minimize the ti@atmthe patient, so that the
patient would suffer less pain from the procedure and woetdver in a much shorter
time [13] with less morbidity than open surgery [14]. Foripats who could not with-
stand conventional open surgery, MIS could also provideahlei means of treatment.
Mart'nez-Monge et al. reported that a patient with lungogaircould not undergo regular
treatment of surgical resection bene ted from the treatnoérachytherapy with radia-
tion therapy [15]. Attractive and promising as it showedybweer, MIS greatly increased
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the technology complexities for the surgeon, making praoesl traditionally done in
open procedures challenging or even unapproachable, miag of the surgical sites are
dif cult to access due to the presence of bones, nerves,aadiessels [14].

With the development and application of robot-assistegesyr more and more
MIS procedures were made possible and less challengingrtorpe Degani et al. de-
veloped a highly articulated robotic probe (HARP) for cadsurgery [16]. It used cable
actuation and could enter the pericardial cavity throughilagphoid port without dis-
turbing the surrounding tissues and organs. Prelimimaxvo animal trials showed the
validation of the idea and the effectiveness of the devicedano and Kawashima de-
veloped a master slave system for laparoscopic surgerg psiaumatic actuation [17].
Force sensing scheme was adopted in this surgical systesafarand more precise op-
erations, and experiments had been conducted to verifyrtheemented haptic interface.

While most of those robots and devices were developed unugwing research
projects and some of them had even gone through clinicds tm@ane of them had been
approved in clinical settings by regulatory agencies anckwet available in the market,
with only a couple of exceptions: the zEUSobotic surgical system and tlda Vinci®
surgical system.

The ZEUS" robotic surgical system was developed by Computer Motion, and
consisted of three robotic arms mounted on the operating,tabth two arms acting
as the extension of the surgeon's two hands. It had beeneddsr the Food and Drug
Administration (FDA) in 1994 to assist the surgeon in MIS avak used in clinical surg-
eries. Marescaux et al. applied the system in a transatlamiiot-assisted telesurgery,

and the laparoscopic cholecystectomy were carried out Brge@r-old female success-
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fully [18]. The use of the ZEUS system was also reported in research eld by Trejos et
al. in [19], where the proposed approach of percutaneowhitiaerapy for lung cancer
treatment was experimentally validated. In 2003, the ZP:ML@stem discontinued due to
the merge of Computer Motion, Inc. and Intuitive Surgitalvhich was the manufacturer
of theda Vinci® surgical system.

Theda Vinci® surgical system was made up of mainly two subsystems: the sur
geon's console and the patient side system, and would cesatexmersive operating
environment for the surgeon [13]. It could scale down theiomobf the surgeon into
micro-motion while reducing the tremors at the surgeonsdsa As the ZEUS sys-
tem, theda Vinci® surgical system had been approved for clinical applicatéoml one
of its application was reported by Pisch et al. [20]. In tlaadibility study, the surgical
system was used to place and suture radioactive seeds oestttion margin after the
tumor had been surgically removed. The procedure was peefdbieasily and precisely
without any complications. The latest model of tihee Vinci® surgical systems features
six manipulator arms with a total of 41 degrees of freedom FBQalong with a stereo
endoscope and 3D video display. To date,dheVinci® surgical system has ov&r000
installations worldwide and is the only robotic surgicasm sold [14] on the market. It
has been widely used in various surgical procedures, inguchrdiothoracic procedure,
gynecologic surgery, urologic surgery, head and neck jphareg and general surgery.

Among various procedures in MIS, the percutaneous intéimemmttracted most
attention from the researchers of the robot-assisted@lrgystems for its relative sim-
ple procedures. It would perform local treatment on inteorgans by introducing an
appropriate needle instrument through skin [21], and thieessgment could include tis-
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sue biopsy, brachytherapy (place radiative seeds in clomerpity to the tumor), and
radiofrequency ablation (RFA) (apply heat generated frioenhigh frequency alternating
current to ablate the tumor). Numerous robotic surgicaksys targeting on percutaneous
interventions have been reported.

Stoianovici et al. developed the PAKY needle driver thatldqurovide ef cient
needle injection based on friction transmission and wasabriee most advanced solu-
tions at the time [22]. A simple and cost-effective robotystem based on this needle
driver was optimized for percutaneous access of the kidlosgavith radiological image
guidance [23]. This could improve both the safety and acyucd the procedure. With
the same PAKY needle driver, AcuBot was developed for pareus interventions un-
der CT or uoroscopy guidance [24]. It had six DOFs with depted motion, and had
gone through cadaver study. Being able to be teleoperatbdlth orient, and advance
a needle under CT uoroscopic guidance, AcuBot was used bgrsan et al. to avoid
radiation exposure to the physician [25]. Twenty-threecptures including core needle
biopsy and RFA had been performed in clinical trials withoomnplications. Treatment
planning software was then developed to register and dletarget, ensuring the accu-
rate placement of the needle instrument [26]. It was usedveldp overlapping treatment
plans for RFA, and results from clinical trials con rmed #ffectiveness. Wei et al. pre-
sented a robotic system for dynamic intra-operative ptedteachytherapy using 3D
trans-rectal ultrasound (TRUS) imaging guidance [27]. AMatercial robot was used in
this system, and the software tools developed with dynaeyganning and veri cation
enabled sub-millimeter targeting accuracy in a phantormystu

Besides execution accuracy, robot-assisted surgery edgtdextend the surgeon's
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capability by facilitating access to hard-to-reach lomasi or providing additional diag-
nostic and/or manipulation information, without elongatthe procedure time. Maurin
et al. proposed a robotic system that would be teleoperatédhaptic feedback under
CT guidance, and a prototype had been implemented for velidéest [21]. Phee et
al. implemented a robotic system prototype that was fortptesneedle biopsy under
TRUS guidance [28]. As a rst prototype, only one axis was onized, and the clinical
trials were performed by manipulating the robot as a pastevéce. Salcudean et al. de-
signed and built a four DOFs robot that could be mounted ommdstrd brachytherapy
stepper and translate a needle guide for precise needigiamsito tumors located in
the prostate [29]. The robot was guided with TRUS, and theatwdh oncologist could
accomplish a 26 needles with 136 seeds implant in only 32 t@with the help of
such robotic system. More image-guided robotic surgicsiesys were reviewed in [30],

including the aforementioned AcuBot.

1.3 Robot-Assisted Surgery under Continuous MRI Guidance

It is advantageous to use robots in surgical procedureshbubbotic devices have to be
designed and implemented carefully according to theiretamg applications, due to the
natural complexity of each surgical procedure. That is esflg true when developing
robotic devices under MRI environment since additionatsspace constraint should be
taken into consideration. At the same time, developing suieheoperated robotic surgi-
cal system could be bene cial as it would extend the capigioli the physician to reach

the hard-to-access space inside the MRI bore. Extra caydatsto be taken when devel-
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oping MRI-compatible robot to address the additional @rajing restrictions posed by
the MRI machine. Other than material consideration of theagnetic susceptibility, spe-
cial MRI-compatible actuation techniques have to be enmgdoyue to those challenges,
despite the fact that the rst robotic prototype system fdRMjuided stereotactic neuro-
surgery was implemented by Masamune et al. as early as 199®[8y recently have the
MRI-compatible robotic technology and applications gdmwetigh a rapid evolution [32].
The basis for developing MRI-compatible robotic systemihés MRI-compatible
actuation technique. Extensive work has been done to eesduna compare various con-
ventional actuation techniques and new actuation methuadi haw actuators have also
been developed. After reviewing a number of MRI-compatibleotic systems and ma-
nipulators, Elhawary et al. summarized four main groups &lMompatible actuation
techniques, i.e., piezo based ultrasonic motor actuakigdraulic actuation, pneumatic
actuation, and remote manual actuation [33]. Other MRIqzatible actuation tech-
niques, such as shape memory alloy (SMA) actuation [34]aks® under active explo-
ration. The ultrasonic motor is a kind of electrical motoattis actuated by ultrasonic
vibration of its actuating elements, which are commonly enatipiezo/piezoelectric ma-
terials. One of its characteristics is the use of resonahem@menon to amplify the
vibration generated by the actuating elements. In comparimotors of similar structure
built with piezo/piezoelectric materials and under siméatuating technique could also
generate motion with acoustic vibration. These motors areerplly referred as piezo
motors. Since most if not all of the ultrasonic motors usethandevelopment of MRI-
compatible robots use piezo/piezoelectric materials eis #ttuator elements, ultrasonic
motor, piezo motor, and ultrasonic piezo motor can be usedfér to the same kind of
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motor, and the term ultrasonic motor is used mainly to emgRats reliance on ultrasonic
vibration and resonance.

To validate the tness of those actuation techniques forphgose of application
under MRI, numerous prototypes and robotic devices hava bdegeloped, and piezo
motor is the most frequently tested due to its ease of contitthawary et al. used a
non-magnetic linear piezoceramic motor to build a 1-DOF tigsfor MRI application,
and artifact in proximity area of the motor was observed wittdest signal-to-noise ra-
tio (SNR) loss 0f14%(35] in the MR images. Fischer et al. evaluated one pneumatic
cylinder actuator and two ultrasonic motors from differgahdors and found that the
pneumatic cylinder could be fully MRI compatible while thé&rasonic motors could
lead to moderate or signi cant loss of SNR [36]. Goldenbetr@lereported the appli-
cation of ultrasonic motors in the proposed robotic systenpfostate intervention [37].
Signi cant SNR reduction was observed and was attributeeléoctromagnetic interfer-
ence (EMI). Krieger et al. also reported the application iezp-ceramic motors, and
signi cant SNR loss were observed while the motors were ¢peictuated [38]. A simple
way of avoiding the side effects of using piezo motor was arelthe motors at a dis-
tant away from the MRI scanning center [39]. This helped taimize the substantial
image artifacts due to the conducting motor casing if pladese to the scanning center.
To acquire noise-free MR images with ultrasonic motors,uBuet al. developed a driv-
ing method that only actuated the ultrasonic motor durirg‘ttead time”, during which
the MRI scanner stopped signal acquisition to wait for rateon of protons [40]. Su et
al. believed the SNR loss resulted by piezoelectric mota eege to the MRI frequency
interference problem and mitigated the noise issue by migtog the motor driver board
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to generate special waveform [41]. The comparison betweenpatic and hydraulic
actuations conducted by Yu et al. showed that both techaigpgee MRI compatible with
different actuation performance [42]. Generally, pneumattuation is more favorable
for MRI-compatible application over hydraulic actuatidout with lower position accu-
racy and less smooth movement. To improve position accurhpyeumatic actuation,
a novel pneumatic step motor with complicated design wasldped by Stoianovici et
al. and could easily achie\®5 mm position accuracy [43]. Another pneumatic stepping
actuator with simpler structure and fewer parts was desli@pyeSajima et al. and used in
a 2-DOF non-metal manipulator, with a maximum positionimgeof 0:8 mm [44].

With different choices of MRI-compatible actuation teaiunes and targeting at dif-
ferent surgical applications, various proof-of-concetptypes and multi-DOF surgical
robotic systems and manipulators have been designed artbded. Besides Masamune
et al., Chinzei et al. were among the pioneers who introduobdtic surgical system
under MRI environment. They had reported in 2000 the implaateon of a MRI-
compatible surgical assist robot with 5 DOFs [45]. Howetleg, robot was only used for
tool positioning in a double-doughnut open MRI system wititnagnetic eld strength
of merely0:5 T. Most part of the robotic device was placed outside of the é&nner
and only two arms were allowed to enter the imaging volume itirmze image dis-
tortion. Later, Krieger et al. reported for transrectalgtade imaging and intervention a
novel remotely actuated manipulator with small ducial rkenrs at known locations on
it [46]. Those ducial markers would allow for MRI guidance standard closed bore
scanner. Based on this manipulator, a completely new designmplementation of a
MRI-compatible robotic device actuated with piezo-ceramiotor was presented in [38],

14



with signi cant SNR loss while the motors were being actdat®oser and Gassert et
al. developed a 1-DOF proof-of-concept MRI-compatible ta@aslave system using hy-
draulic transmission and achieved a manipulation accusheyfew micrometers over a
range of several centimeters [47, 48]. Elhawary et al. desiga 5-DOF prostate biopsy
manipulator using piezoceramic motors and the feasibiMdg shown with a 1-DOF test
rig implementing closed loop position control [35]. Goldeng et al. developed a 6-
DOF MRI-compatible robotic system for prostate interven$ using ultrasonic motors
and had achieved less th@mm positioning accuracy [37]. Sutherland et al. adopted
the dexterous manipulator design for the Internationalc&station and implemented
the MRI-compatible neuroArm, which had 7 DOFs and was martufad primarily of
titanium and some hard plastic material [49]. With ultrasgnezoelectric actuators, the
neuroArm was able to perform microsurgery at a spatial tggol of 50to 100 m , yet
more validation studies should be conducted to quantifysifstem performance. Su et
al. also used piezoelectric actuators and developed fatgubrachytherapy a 6-DOF
prototype with a high-resolution ber optic force sensodammly 2% SNR loss was ob-
served in the MRI-compatibility test [41]. Based on the dgueeumatic step motor de-
sign [43], Stoianovici et al. developed an MRI-unpercelgaiobot, MrBot, to carry out
transperineal needle insertions for prostate intervarj&0]. Fischer et al. initially devel-
oped a 4-DOF MRI-compatible needle placement robot fortptesnterventions using
pneumatic cylinders with only 2-DOF actively controlledaaproof-of-concept [51], and
this work is continued by Song et al. with a new workspaceroged 4-DOF robot for
MRI-guided prostate biopsy and brachytherapy. The newtralas based on modular
system design and utilized external damping mechanism poave pneumatic cylinder
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positioning accuracy [52].

While the development of MRI-compatible robotic devices fjoostate interven-
tions has attracted most attention, robotic devices foadirkesions are also under active
development. The rst robotic system for biopsy and therapypreast lesions under a
1:5T high- eld whole-body MRI unit has been developed by Kaisemk, and then
vitro experiment showed the feasibility of a combination of inmagivith biopsy and sub-
sequent therapy [53], though the needle approach direttitimeir system was limited.
Larson et al. developed a 5-DOF ultrasonic motor actuatedtio stereotactic device
for minimally invasive interventions in the breast with Ikiene MRI-guidance, and sub-
millimeter repeatability of the probe tip for same-directipoint-to-point movement was
achieved [39, 54]. Kokes et al. developed a 1-DOF MRI-coibpatobot for RFA of the
breast tumors with hydraulic actuation and interfaced thvei PHANToOM haptic feed-
back device controlled from outside of the MRI room [55, 5Bhat is the pioneer work
based on which the work documented here developed.

There are also ongoing research to develop MRI-compatilmgical robots for
other interventional procedures. Raou et al. presentedehmodular robot design
to perform neurosurgery guided by MRI with ultrasonic mo&gotuation [57], and its
control paradigm as well as two proposed brain biopsy preesdusing MRI guidance
was detailed in [58]. The design was further revised to @pthe ultrasonic motors using
either hydraulic cylinders or pneumatic motors in [59]. 4&et al. developed based on
specially designed pneumatic motor a light puncture robBR) that was both CT and
MRI-compatible and could perform abdominal and thoraciegtures [60]. Pappafotis et
al. reported a preliminary design of a 6-DOF highly dexterbRI-compatible robot, and
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actuation with SMA was proposed and veri ed in one of its brjg1]. Ho et al. continued
that work and redesigned the robot to have it actuated witlA 8iides for each of its links,
and showed good controllability of that robot under realgiMRI guidance [34]. The
systems mentioned here are far from exhaustive, and moreddiRpatible robotic and
mechatronic systems can be found in [33] and [62].

Robotic devices for non-surgical purpose have also beeeloj@®d. Hou et al. im-
plemented a MRI-compatible force feedback system thaddoeilused both in functional
magnetic resonance imaging (fMRI) and event-related patigfeRP) [63]. This device
was then applied in hand-grip tasks and nger movement exyats to explore the re-
lationship between force output and brain activation modedrmal subject and stroke
patient. With custom-developed pneumatic air motor, Tse. eleveloped a 3-DOF MRI-
compatible mechatronic system and used it to position a&tyadf limbs at the magic
angle inside closed-bore MRI scanner [64]. It helped to @tteantage of the “magic
angle” effect and increase the signal intensity observatieatendon or cartilage in the
MR images. These MRI-compatible devices were simple irr fla@ictionality compared
to those surgical systems, yet they were developed in watsatbuld conform to the

restrictions posed by the MRI environment.

1.4 Solution for Breast Biopsy under Continuous MRI Guidanc

With the space constraint of the MRI machine, the breastdyigqmder continuous MR
imaging guidance inside the MRI scanner bore has to be peediby a robotic device;

and the magnetic elds inside the scanner bore require beatdbot be built with MRI-
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safe materials and actuated with MRI-compatible actuatsmmniques. Such a robot
would be teleoperated by the physician who stays inside tRé&ddntrol room to access
the MR images acquired in real-time and ensures that thestobéapsy needle will be
inserted into the target lesion. Hence, a “one-sitting edoce” is pursued, whereby
identi cation of tumor boundaries, placement of the needissessment of placement
accuracy, and even treatment such as RFA and its assessandrg done in one sitting,
without removing the patient from the MRI scanner or distuptumor location. The
envisioned scheme is shown in Figure 1.1.

The MRI-compatible robot shown in Figure 1.1 would have plégt DOFs and
should be able to access various tumor locations in the bréasan be tted into the
MRI machine and xed at the back of the scanner bore or on thé b&R. Teleoperated
by the physician who accesses the real-time MR images ittsed&RI control room, this
slave robot could maneuver underneath the headrest whilestient lies on the MRI bed
and perform needle insertion task through the front opeafrige breast coil. With such

surgical setup, the breast biopsy procedure can be refoasiémlows:
(1) Prepare the teleoperated surgical system with the MRipatible slave robot;

(2) Put the patient inside the MRI scanner and take MR imaf#sedreast to locate

the suspicious breast tissue;

(3) Teleoperate the MRI-compatible slave robot while watghthe MR images ac-
quired in real time to prepare for needle insertion by movirgneedle close to the

breast and adjusting the needle orientation;

(4) Perform the needle insertion task with real-time MR imggnonitoring and insert
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the coaxial breast biopsy needle with the plastic guidinghaéa to the target lo-
cation in one single insertion. The needle orientation Ganebadjusted as needed

during insertion;

(5) Slide the patient out of the MRI scanner bore;

(6) Remove the trocar needle only and leave the guiding danand then insert the

biopsy gun through the guiding cannula;

(7) Perform breast biopsy with the biopsy gun and acquiradireore specimen of the

suspicious breast tissue for microscopic analysis;

(8) Remove the biopsy gun and/or perform immediate treatamgordingly if needed,;

(9) Plant small MRI visible markers through the guiding calarfor future reference,

and remove the cannula from the breast of the patient.

The above procedure simpli es and speeds up the currensbbéapsy procedure
by eliminating the “trial and error” phase while taking adtege of the execution preci-

sion of the robotic device, performing breast biopsy rightloe lesion.

The goal of the project described in this dissertation isd¢wetbp a teleoperated
master-slave surgical system with a MRI-compatible slamt that can perform breast
biopsy needle insertion under continuous MRI guidance. dlaee robot is built with
MRI-safe material and MRI-compatible actuators, i.e.,ymatics and piezo motors, and

its design, development and analysis is presented in Ghapiéne modeling and control
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of the pneumatic actuation system is detailed in Chaptert# design and implemen-
tation of the master manipulator is covered in Chapter 4. System integration and
teleoperation as well as a graphical user interface (GUdleicribed in Chapter 5, and
the result of theex vivophantom test anth vivo live swine test is discussed in Chapter 6.

Finally, concluding remarks and discussions for futureknare presented in Chapter 7.
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Chapter 2

Design and Development of the MRI-Compatible Slave Robot

To achieve the goal of developing a teleoperated mastee-slargical system that can
perform breast biopsy needle insertion under continuous §diRlance, it is imperative
to develop a slave robot that is MRI-compatible and can pertbe needle insertion tasks
for breast biopsy. Unlike conventional surgical enviromtse MRI imposes strong mag-
netic elds that rule out the possibility of utilizing mosbmmercially available equipment
as well as the traditional actuators. Hence, it requiresiapeare to use appropriate raw
materials and actuators to implement the slave robot.

This chapter presents in detail the design and developni¢heé dMRI-compatible
slave robot and is organized as follows. The challengesdobgehe MRI environment
are reviewed in Section 2.1. Then, a 4-DOF MRI-compatibd&esirobot prototype is
designed and builtin Section 2.2, followed by a MRI-comipidity evaluation experiment
in Section 2.3. Based on the result of that preliminary stadglave robot is designed
and implemented in Section 2.4, and the evaluation resulisd¥IRI-compatibility is
presented in Section 2.5. The kinematic analysis of theldped slave robot is then
described in Section 2.6, and its control scheme is brie gatided in Section 2.7. This

chapter summarizes in Section 2.8.
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2.1 Challenges to Develop MRI-Compatible Robots

Magnetic resonance imaging (MRI) is an imaging techniqa tises the nuclear mag-
netic resonance (NMR) property to image the nuclei of atonasteence reconstructs the
inner structure of a biological body. The MRI machine emplayery strong static and
homogeneous magnetic eld ranging frab T to 7:0 T to align the magnetic moments
of certain kinds of atoms, such as hydrogéH)( which is highly abundant in biologi-
cal body. Those kinds of atoms have unpaired protons andareuand, hence, exhibit
net magnetic effect under the strong magnetic eld. WhenlagauRF magnetic eld is
applied, energy at a certain frequency that is proportitm#he strength of the applied
static magnetic eld will be absorbed. The absorbed eneoggtes the net magnetic mo-
ments of those atoms away from their previously aligned taxécertain angle, which is
called the ip angle. Such ip angle is proportional to theestgth and the duration of the
applied RF pulse. Upon removal of the pulsed RF magnetic, #ld magnetic moments
restore to their original direction and energy absorbedisted in the form of RF signals
at the corresponding frequency. Meanwhile, a gradient mtagreld is applied and used
to shift the RF frequency that stimulates the tissues sotligafrequency of the emitted
RF signals is also shifted accordingly and correspondsdapieci ¢ location of the tis-
sues. Those RF signals are picked up by the MRI scanner ahgzadao reconstruct the
chemical composition of the tissues being scanned and foenViR images that will be
used for clinical diagnosis.

The imaging process described above involves a strong statl homogeneous

magnetic eld, a gradient magnetic eld, and a pulsed RF nedgn eld that together
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determine the nal emitted RF signals. Therefore, to ensuigh-quality RF signals be
generated and used to synthesize high-quality MR imagesntarference on those three
magnetic elds should be kept minimal if not completely aled.

With such a magnetic environment, it is challenging to safghce a robot inside
the MRI bore and operate it therein, without interferinghntite strong but delicate mag-
netic elds inside.

Firstly, the robot has to be built with appropriate matexi&derromagnetic materials
are strictly prohibited inside the MRI since they can beaatied by the strong magnetic
elds and become dangerous projectiles that can damage RienMdchine or even hurt
the personnel nearby (missile effect). Apart from ferrometg materials, many other
metals are also not encouraged for use inside the MRI baree signi cant artifacts
can be produced in the images due to the eddy current inducedHher the changing
magnetic eld during scanning or the motion of the robot.

Ideally, polymer materials such as Delfirand Te on® are preferred construction
materials since they are both nonmagnetic and dielectribileApolymer materials are
used for as many parts as possible, however, metal matar&lat times required for
structural parts that require higher mechanical stiffreess strength that polymer mate-
rials cannot provide [65]. Under those circumstances, ragmatic metals are used and
those metallic parts would be placed as far away from theetdegion as allowed to
minimize the possible artifacts and image quality degliadat

Titanium is the most ideal material for use in MRI-compatibbbbots since it is
strong, light-weight, corrosion-resistant, and most intigatly, MRI-safe. However, it is
rarely used in MRI-compatible robotic research and devalenqt since the nal mecha-
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tronic system is a balance of desired function, MRI-coniphitly, and the manufacturing
cost [65] while titanium is expensive and challenging to hae.

Nonmagnetic metals such as brass and aluminum are thus amstanly used for
customized parts due to their cost and machinability; wiiée300 series stainless steel,
or more speci cally, the 316 stainless steel, is more comgeaen in the nonmagnetic
version of some commercially available products. Nevéegs®e nonmagnetic products
built with 316 stainless steel have to be tested carefutisrahe manufacturing process
since the magnetic susceptibility of the 316 stainlesd st®increase from 0.003 to 9
when heavily cold worked [66], rendering it un t for use in NIRThe brass and aluminum
do not exhibit such behavior and MRI tests have shown thatyA360 (brass) and Alloy
3601 (aluminum) render modest magnetic eld interferenod are hence used as the
primary nonmagnetic metal materials.

Secondly, the actuation techniques that would be useduaimcthe robot have to be
MRI-compatible. That essentially means that not only théemas used to build the ac-
tuator have to be MRI-safe, but also the actuation itseltighnot introduce any artifacts
in the MR images, nor its operation be affected by the presenthe strong magnetic
elds. The well-developed electrical motors can no longewutilized in such scenarios as
they are based on the electro-magnetic effect. The mage&tigenerated during motor
operation can interfere with the homogeneous magneticirditie the MRI bore, signi -
cantly degrading the image quality, not to mention the faat the materials used to build
them are usually ferromagnetic or even include magnetstieattrictly prohibited inside
the MRI environment. Review of the actuation techniquetstha be used under the MRI
environment has been performed by various researcherslhad &y et al. summarized

25



the major MRI-compatible actuation techniques into fouegaries, i.e., remote man-
ual actuation, ultrasonic motors based on piezocerammcipie, hydraulic transmission,
and pneumatic transmission [33], while the potential okotMRI-compatible actuation
techniques such as SMA is under active investigation.

Among all the aforementioned actuation techniques, rermateual actuation pro-
vides an inexpensive method to achieve MRI-compatibleadict, but at the cost of
slower procedure and lower resolution than the motorizédagion [33], and hence are
less popular than other actuation techniques.

Ultrasonic piezo motor has the advantage of being inheresatie with respect to
power failure as it does not need electrical power to keepptsture of the manipula-
tor [67]. However, the MR image quality cannot be ensuredhwitrasonic piezo mo-
tor actuation since the piezoceramic elements are oftereéddal inside ferrous mate-
rials [33]. Also, the choice of the high-frequency actugtelectrical signals that the
ultrasonic piezo motor actuation relies on does not takienancount the frequency band
the MRI machine operates on, and that could lead to sevamnalsigerference and would
cause moderate to signi cant image quality degradationnwiheactuation [36, 38, 50,
51]. Therefore, it is not recommended to operate the uliiaspiezo motor while the
MRI scanning is taking place [37]. Despite all those limdas, ultrasonic piezo mo-
tor actuation is still widely used due to its analogous gtrrecto traditional motors and
convenience of application, and they should be carefullyseh before usage to avoid
ferrous materials and be placed away from the scanningttergeinimize the effect of
any electrical noise introduced from its electrical driver

The actuation of SMA, though with a large force density andatentially MRI-
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compatible, provides limited force and/or displacementpotuand can only generate
force from milli-newtons [61] up to a few newtons [34] unlessnplicated con guration
is arranged. Therefore, the actuation of SMA is more swtéddl micro- to meso-scale
robots.

In comparison, hydraulic and pneumatic actuation techesmffer the advantage
of maintaining high SNRs [42] or even no negative impact Irtah gurations [36] at a
closer location to the scanning target. Due to the comgs#isgiof air, pneumatic actu-
ation is back drivable and natural impedance, which makesre favorable for fast or
force-control applications. Also, pneumatic systems asez to maintain compared to
hydraulic systems, since hydraulic systems can suffer frawitation and uid leakage.
Further, pneumatic systems are clean and safe even withanrssion uid spill condi-
tion that could compromise the sterility condition of thegioal environment in the case
of hydraulic actuation [50, 68, 69].

Therefore, pneumatic actuation has been chosen as therprimeans of actua-
tion for the slave robot implementation, with piezo mototuation as the supplemental
method.

Thirdly, the sensors used in the robot implementation shbel MRI-compatible.
A good review of the sensing techniques that are suitabl®#l application has been
presented by Gassert et al. with the categorization of retatlyy active sensors, electri-
cally passive sensors, and nonmagnetic non-conductirspee[y0]. The electrically ac-
tive sensors are electrically powered and include strauggas well as potentiometers.
Some of those sensors can be used but require proper shi¢tdnetain their nominal
functions. Yang et al. has reported that without shieldthg,reading of a commercially
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available nonmagnetic force sensor was compromised by Riesbhnning sequence [2].
The electrically passive sensors are those using passugaies to measure potentials
of the targeting physical quantity. However, those senaoesmostly used to measure
biological body potentials and are not very appropriaterédoot implementation. The
nonmagnetic non-conducting sensing approach utilizes anilight to transmit the power
and is the most preferred for MRI application. Force senbased on ber-optic tech-
niques have been developed with good MRI evaluation regpisrted in [70, 71]. In the
systems developed in the ensuing sections, a customizeebitec force sensor as well

as potentiometers and optical encoders are used with cautio

2.2 Design and Implementation of the MRI-Compatible PrgietRobot

Other than the material and actuation/sensing restristi@scribed in Section 2.1, the
MRI machine also poses space constraints to the robot. Bneatd MRI scanner bore
is generally70cmin diameter and has to t in the patient along with the appratar
imaging coil that is essential for high quality image acdigs, leaving little space to the
robot. Hence, the slave robot must have a compact footprattdan not only tinto the
limited space available but also be able to maneuver aneéaela workspace that can
include most of the possible sites of breast tumor.

Given such signi cant in-bore space constraint, a compasigh with parallel
mechanism has been proposed as a key subsystem. The paratleanism pursued
in this section has three DOFs in total, with one DOF in tratish and the other two in

rotation. Along with a needle driver that provides the faudOF and advances the nee-
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dle, a 4-DOF MRI-compatible breast biopsy slave robot isgie] and implemented as
a prototype to validate the feasibility of building a roble&t can assist performing breast
biopsies under continuous MRI guidance. The parallel maishais actuated with pneu-
matic cylinders and the needle driver is actuated with agprantor placed away from
the scanning target. Figure 2.1 shows the implemented miotdtype and the detailed
design of the parallel mechanism as well as the needle ds\dascribed in the following

subsections.

2.2.1 Parallel Mechanism of the Prototype Robot

Parallel mechanism is a kind of mechanism whose end effectmwnnected to its base
through a number of similar and independent linkages inlighrand is more rigid and
compact compared to serial manipulators. It can also pecaikry good absolute as well
as repetitive positioning of its end-effector [21]. Thenef, parallel mechanism has been a
popular choice and has been used in various industrial aséreh applications [72—-83].
Among all kinds of parallel mechanism, the 6-DOF Stewartfptan structure is
the most popular and has found wide applications. Salcudeah designed and imple-
mented an inverted, ceiling-mounted Stewart platform \witdraulic actuation and used
it as a one person motion simulator [74]. The modeling, satoih, and control of such
Stewart platform was presented in detail in [84]. A novelige®f a hydraulic actuated
Stewart platform has been reported by van Silfhout to sumenti ¢ instruments that
would require a stable alignment base with high-precisiotion [76]. The implemented

manipulator could deal with loads up 0 kN and had a resolution df m. Hadden et
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al. built a Stewart platform with pneumatic struts and agypii to achieve heavy load vi-
bration isolation for airborne payloads [77]. Aracil etased the Stewart platform struc-
ture in a different way and built a parallel robot for autormr climbing along tubular
structures [78] while Tanaka et al. developed a force-driggstick based on Stewart
structure with pneumatic actuation [82]. Also, based ondixdink Stewart platform
structure, Burdea et al. developed the pneumatically sedudRutgers Ankle” [85-87],
and the control of such devices was investigated in detaiYdgn et al. [88]. They
were than applied in ankle and gait rehabilitation [79, 8@hvpreliminary case study
results reported in [89]. In addition to applying Stewartfirm into various applica-
tions, Nanua et al. reported a forward kinematics solutamaf six-link platform [90],
while Liu et al. performed thorough kinematic analysis angppsed a simple algorithm
to solve the forward kinematics [91]. Yurt et al. performetbe analysis and motion de-
termination on a ight simulator modeled as a Stewart platfpand Ukidev et al. studied
the fault tolerance property of the manipulators and agpieelundency to optimize the
manipulability of the Stewart platforms.

In cases where less maneuverability were required, phralehanisms with less
complicated structures had been designed and appliedurféfisehuh, Kumar and Sugar
developed a 3-DOF in-parallel manipulator with pneumattcation to serve as a wrist of
arobot arm or an ankle for a walking robot, and the detailedysbn the kinematics, con-
trol, dynamics behaviour of the device were presented in{3275]. Ning et al. designed
and developed a new wire-driven 3-DOF parallel manipultdtat potentially could nd
wide applications in industries due to its simple structame low cost [81], and a sim-
ilar mechanical structure was reported by Raparelli et @l vioth smart wire actuation
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(SMA) [92]. D'Angelle et al. developed a new parallel roballed PmarNeedle and the
targeting application would be needle surgery [83].

The parallel mechanism utilized in the prototype design pases of three RPS
(Revolute, Prismatic, and Spherical) joint structurescegaevenly in120 increment
along each circle on the two platforms, as shown schemBticeFigure 2.2. By chang-
ing the lengths of its three independent extensible libkg, = 1, 2, 3), the orientation of
the top mobile platform, to which the mobile frark® (o, XmYmzm) attaches, can be ad-
justed, and the spatial position of the mobile platform eeqt, is changed accordingly.
The rotation of the mobile platform along itsaxis, z,, is nhot implemented since the
needle is axially symmetric and aligned to that axis, anchisegessary. Its three DOFs
combined with the insertion DOF provided by the needle driliat is discussed later in
Section 2.2.2 together enable the positioning of the nagullEt any point in 3-D space.
A similar mechanism has also been explored by other reserareimd some of them can
be found in [75] and [93].

The parallel mechanism, as shown in Figure 2.1, is attacbhaddntally to a verti-
cal plate, which will later be replaced with ZY stage that is discussed in Section 2.4.3
to enable position adjustment in the vertical plane, astithted in the envisioned system
scheme in Figure 1.1. The parallel mechanism is designedt® mnderneath the head-
rest and reach the target lesion inside the breast coigfiver, the parallel mechanism is
relatively compact in the radial direction and long in theddudinal direction. Each of its
extensible links has a minimum length400 mmand is attached to both platforms along
the circumferences of anradius and afR-radius circle, respectively. Though the radii

of the top mobile platform and the base platform do not nesédgseed to be equivalent,
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Needle Driver (Piezo motor is located behind the base plate)

Fiber-Optic Position Sensors
Force Sensor

Biopsy Needle Mobile Platform Brass Pneumatic Cylinders

(a) Assembly of the 3-DOF parallel mechanism and the needlerd

~ , !

(b) Detailed view of an individual link of the parallel meatfism

Figure 2.3: The 4-DOF breast biopsy slave robot prototype

and the kinematic derivation in Section 2.6 will show thag kinematic constraint of the
parallel mechanism depends only on the circle radius ofdb@tobile platform, identical
radius has been chosen for both the top mobile platform amdbaise platform to make
the parallel mechanism more compact, withe R = 38:1 mm. The entire prototype
robot and one link of the parallel mechanism are shown inféi@u3.

The key component of each extensible link is the brass pnecioydinder (Allenair

Brass Cylinder, C-7/8x3-BU-L-SZ), which is chosen for itgthstrength and being non-
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magnetic at the expense of higher stiction force. It pravifi@2 mm (3') stroke and
attaches to the base platform via two aluminum blocks thppst al=4 outer diam-
eter (OD) brass pin (McMaster, 97325A185), about which thk totates. The link is
extended to the desired length with a thin aluminum rod tahidhe targeting space so
that suf cient room near the mobile platform would be praettfor the needle driver to
manipulate. The rod of the brass cylinder and the aluminuinare attached together
with a Delrin® block which also houses the position sensor wiper (spagatrasl, WP-
M1-01-03-014-DI). The wiper and the sensing membrane pioi@eter (spectrasymbol,
TSP-L-0100-103-1%-RH) attached to the plastic sensor@tippgether provide the po-
sition information of the cylinder with a resolution of ledgan0:1 mm. At the other
end of the aluminum rod is a universal joint (Small Parts, tBIB01) that is made of
brass and Delrifi and holds 8=16 OD brass pin (McMaster, 97325A165). This pin is
glued to a plastic ball bearing (McMaster, 6455K7) that ivedded into the aluminum
mobile platform. The universal joint, with its two rotati@nDOFs, and the ball bearing
that provides the third rotational DOF orthogonal to thevyimes two DOFs together be-
have kinematically as a spherical joint, and the pivot pofrguch spherical joint is at the

rotation center of the universal joint.

2.2.2 Needle Driver of the Robot Prototype

With the target application of percutaneous interventtbe,design and implementation
of the needle driver is crucial to achieve the desired famatiity. The PARK needle

driver developed by Stoianovici et al. takes advantage efftiction force to perform
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needle insertion and the exertable insertion force is mttéyr limited due to its reliance
on the friction [22]. Trejos et al. has developed a needieedidevice for brachytherapy,
yet it can only retract the hollow needle loaded with radivacseeds to place the seeds
into the tissue, and the needle insertion should be peridtgehe robotic manipulator
that holds such needle driver [14]. Shah et al. developedvalmotating needle driver
with complicated design [94]. This needle driver could dpia needle at different speed
and has the safety feature to release the needle when thedsfemee exceeds a per-
determined limit; however, it is expected to work with theuBot under CT guidance,
and is not appropriate to perform breast biopsy needletinseunder continuous MRI
guidance.

The needle driver designed and implemented for the progotgpot is shown in
Figure 2.4. A ber-optic force sensor is attached to the meddver and is used to sense
the interaction force between the needle and the softeisSuch force information could
be provided to the physician during the procedure and fatalthe detection of transitions
between tissue layers, thus reducing needle placememt[8&jo The force sensor was
developed by Tan et al. and measures the force by monitdiaontensity change of the
light re ected from an elastic frame structure, which woudleform under external load.
For detailed design and implementation of the force sepéease refer to [71].

The needle can be advanced using screw motion by rotatingn&end threaded
biopsy needle about the xture. This xture is xed to the Ilpeoptic force sensor that
attaches to the aluminum mobile platform through a Délrinock. MR markers are em-
bedded inside this block to provide the position and origordanformation of the mobile

platform. Based on the design constraints, motors thatraedl @nough to mount on the
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Fiber-Optic <«——FbEmbedded

Force Sensor\ MR Markers
/Semi—Flexible Shaft
. =~ Universal Joint
Fixture Néeedle E]_“Illqd wiich /
Biopsy Needle f crew Lhrea Slider

Mobile Platform
Adapter Connected to Piezo Motor—

Figure 2.4: Photo of the needle driver prototype attacheil aforce sen-
sor

mobile platform cannot provide suf cient torque to advarice needle. In addition, it is
necessary to mount the motor at a distance away from the enplaitform to minimize
its negative impact on the MR images. In the design showngurei 2.3(a), the motor
utilized is a piezo motor (LEGS-R0O1NM-10 from PiezoMotdssyeden) and is mounted
at the base of the robot, which is o0 mmaway from the scanning target. The re-
maining challenge is to reliably transmit the rotationalveo and drive the biopsy needle
without hindering the mobile platform to move in the 3-D spac

Due to the space constraint, a compact mechanism is needethsmit the rota-
tional power and has to be able to translate in the laterattions as the mobile platform
re-orientates or the needle advances. The convention&lbahetf using rigid shaft is no
longer appropriate since the mobile platform can be maatpdito arbitrary orientation
with respect to the base platform with slight offsets in bbtrizontal and vertical di-
rections. Therefore, the exible transmission approacisgagroposed and implemented.
A slider, as shown in Figure 2.4, is incorporated in the desaprovide the required
translational DOF when either the mobile platform traresair the needle advances. The

slider is able to positively transmit the rotational powethva special rectangular shape.
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Two rotational DOF are provided by connecting a universaitj(Small Parts, UJD-3/3-
01) in series with the slider, and higher orders of bendimaq irequired while actuating
the pneumatic cylinders to operate the parallel mechaniensupplemented by a semi-
exible Te on ® shaft that joins the universal joint and the biopsy needle.

The drawback of this approach is the drilling effect when tieedle is inserted
into the tissue with rotation. This could cause extra damadke tissue due to unusual
dimension of a standard biopsy needegauge, o#:191 mmin diameter). This issue is

addressed later in the revised implementation discuss8dahion 2.4.2.

2.3 MRI-Compatibility Evaluation of the Robot Prototype

To verify the MRI-compatibility of the slave robot prototypMRI tests have been con-
ducted under the experimental setup shown in Figure 2.5. r@het prototype was
mounted on the black aluminum frame and was placed insidé/MREbore pointing
to a homemade phantom, which consisted of a mixtur2Z0&fmlboiling water with7 g
gelatin powder (Knox gelatin, Kraft Foods Global Inc.).

Testing was performed using a Siem&iE Tim Trio MR scanner (Siemens Med-
ical Solutions; Malvern, PA) and the phantom was imagedgsiff;-weighted gra-
dient echo acquisition witle=Tg = 9:4=500ms ip angle = 75 , bandwidth =
200 Hzpixel, FoV =120 120 mm matrix=512 512 and slice thickness 3 mm.

A T,-weighted imaging sequence would generally generate gpshamnage, but the
T;-weighted imaging sequence was used because future exgmsimvolving dynamic

imaging would be based oh-weighted sequences. To examine the effect of each fac-
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l Fiber-Optic /Head Coil
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Piezo Mobile
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/Phantom

\Biopsy
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Position Sensors .
Driver

Pneumatic Cylinders
Figure 2.5: Experimental setup for the MRI evaluation ofithigot proto-
type. Reprint from [2],c IEEE.

tor on the MR image quality, the phantom was imaged underddterent conditions as

listed below:

1. Imaging the phantom without the presence of the robobpype and the images

acquired would serve as the ground truth;
2. Imaging the phantom with the robot but without actuation;
3. Imaging the phantom with pneumatic actuation but withmpeto motor actuation;
4. Imaging the phantom without pneumatic actuation but wi¢zo motor actuation.

The MR images acquired under the aforementioned condiaiomshown in Fig-

ure 2.6. Figure 2.6(a) shows the MR image of the phantom witttioe robot while
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(a) Ground truth image without robot (b) Image with unactuated robot

(c) Image with only pneumatic actuation (d) Image with only piezo motor actuation

Figure 2.6: MR images of the phantom with the robot prototgipd its
actuation. The four corners and the center square of each im-
age are the ROIs used to calculate the SNR for the noise and
the signal, respectively.

Figure 2.6(b) is with the robot but without any actuationeR images acquired with
pneumatic and piezo motor actuation are shown in FigureRa&{d Figure 2.6(d), re-
spectively. The phantom can be seen clearly from Figurd2&6(d), which shows that
the robot prototype is not producing signi cant artifactsimage distortion. If needed,
better images can be acquired with proper shielding of thetro

To further determine the degree of MRI-compatibility usougantitative measure-
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Table 2.1: SNRs of the MR images with the robot prototype

Experimental Setup SNR Values

Ground truth without robot 109.36
With robot but without actuation 105.99
With pneumatic actuation only 112.24

With piezo motor actuation only 98.04

ments, signal-to-noise ratio (SNR), de ned as the ratioh&f mean pixel value of the
signal to the standard deviation of the pixel value of thekgamund noise, is adopted.
SNR is a relative measurement to evaluate the in uence ofabet prototype and its
actuation and such measurement is heavily observer depentdiae images acquired
under different imaging sequence could result widely spdn8NR values depending
on the choices of the imaging parameters. Likewise, chgogmious subjects can also
lead to large SNR variation of the MR images. Hence, the coisga of SNR values
is meaningful only within the same study using the same inggequence, and signi -
cant difference should be expected between SNRs of a hgghutéon diagnostic image,
based on which the radiologist would make a medical decisiod that of the images
for navigation purpose as used in this evaluation experim&he SNR computation of
the four MR images are performed on the original digital imggand communications
in medicine (DICOM) images and the SNR values are summaiizdable 2.1. Only
modest SNR variation has been observed.

Figure 2.6(c) is one of the 22 MR slice images takeh22seconds while the robot
was actuated pneumatically to move in a periodical way bylisgnsinusoidal position

signals with120 phase lag to two of the links. As a result of such periodic orgteddy
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current was induced in the aluminum mobile platform alon¢hvather metal parts of
the robot prototype and created magnetic eld disturbarcm®ingly, which rendered
overlapping phantom images in the MR image. Those falseatsgn turn lead to a
slightly higher SNR value. In practical application, howewhe slave would either stand
still to take a static image with long scanning time for régison as the case of the image
shown, or move under real-time dynamic imaging guidanck wety short scanning time
for each image. Therefore, the phenomenon shown in Figé(e)ds not expected to be
observed in practical application and such image SNR chasifjeot be experienced.
Piezo motors, even carefully built with nonmagnetic maleand actuated with rel-
ative low-frequency electrical signal, could still inttock electromagnetic (EM) noise
from the driving electronics and cause interference at tiid Btquisition band. Such
interference cannot be removed completely despite usiiefdeld power cable and pass-
ing it through the lIter panel. Hence, they should be placedisiance away from the
scanning target, as required in the needle driver desigratich 2.2.2. By placing the
motor at the very back behind the base platform of the panadexhanism, clear MR
phantom images with minimal distortion and modest SNR |I@s&tbeen obtained. One

such example is shown in Figure 2.6(d).

2.4 Design and Implementation of the MRI-Compatible Slavb®&t

Based on the design and evaluation result in Section 2.2 éhdHe design and imple-
mentation of a multi-DOF MRI-compatible slave robot thas lfiall motion capability is

presented in this section. The computer-aided design (G&k&ying of the robot inside
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the MRI bore can be found in Figure 1.1 and a photo of the actl@dt is shown in
Figure 2.7. The detailed CAD drawing of each component iedisn Appendix A. Sim-
ilar to its prototype, this robot maneuvers under the hestdird access from the front
opening of the breast coil, on which the patient lies. Withtowuous MR imaging guid-
ance and the physician in the loop to manipulate the slavet rid compensate for the
positioning error, the targeting error due to patient iovdéry motion in between scans
could be signi cantly minimized. This version of robot casts of a 1-DOF piezo motor
actuated needle driver that has been redesigned basedpmmevtsus version, a 3-DOF
pneumatically actuated parallel mechanism with minor noadiions, and a new 2-DOF
X -Y stage that is actuated with two pneumatic cable cylindessa@aring with its proto-
type, the newly implemented-Y stage provides gross positioning and is used to support
and move the parallel mechanism. This represents the nmaicr@-robotic system design
concept. The novel 3-D ultrasound guided robotic systenpfostate brachytherapy de-
veloped by Yousef et al. follows this concept [96]. The ZI':ITJSurgical system and the
da Vinci® surgical system can also be considered to have such macco-architecture.
The detailed design of each subsystem or the revisions loasta previous prototype is

described in the following subsections.

2.4.1 Parallel Mechanism of the Slave Robot

For the implementation of the slave robot, the design of @m@lfel mechanism in the
robot prototype has been adopted with minor modi cationse fiewly implemented par-

allel mechanism consists mainly of thré&2 mm (3') stroke brass pneumatic cylinders
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(Allenair Brass Cylinder, C-7/8x3-BU-L-SZ). One ends obsle brass cylinders connect
to the mobile platform with kinematically equivalent badints (using serial connection
of a universal joint (Small Parts, UJD-3/3-01) and a ballrvep(McMaster, 6455K7) ).
On the other ends, those cylinders connect to the base phatfdth pin joints. These
three cylinders are evenly spaced wi?0 increments and are attached to both platforms
on circles. By controlling the cylinder lengths with massvaate valves placed inside
the control room through long pneumatic transmission lirme® translational and two
rotational DOFs are achieved.

In this implementation, both platforms have been redesigare built. The new
mobile platform is made of Delrif, and that is to avoid the overlapping artifacts or other
artifacts created by the induced eddy current as observedjure 2.6(c) of Section 2.3.
The mobile platform is almost orthogonal to the static maigneld inside the MRI bore
and is relatively close to the scanning target; therefdrenade of metal, it is the part
that is most likely to generate eddy current once in motiah@mtribute most to the MR
image quality degradation, which should be avoided. Thecéffe of this material change
to avoid the possible in uence has been veri ed by MRI expeits, as described in
Section 2.5. The shape of the mobile platform has also besmgeld from circular shape
to triangle shape with rounded corners to reduce chancesatifion with the breast coill.
The base platform has also been re-engineered to housestteerpbtor while being able
to attach to theX -Y stage. This base platform is also made of D€lrio avoid potential
in uence on the MR image quality. For details about the desagd implementation of

other parts, please refer to Section 2.2.
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2.4.2 Needle Driver of the Slave Robot

Despite the fact that by controlling the rotation and tratish of the needle the friction
force between the needle and tissue can be greatly mininizeelduce the undesired
tissue deformation [98], the new needle driver would adeahe needle without rotary
motion. This is to avoid the “drilling effect” that could csel extra damage to the tissue
and hence is undesired in breast biopsy, given the unusualdiion of a standard biopsy
needle 8 gauge, or4:191 mmin diameter). To use the same actuation mechanism of
screw motion as that of its previous prototype, ball beariag introduced to isolate such
rotation. The CAD drawing of the revised design is shown guiFé 2.8(a) with the photo
of the actual mechanism shown in Figure 2.8(b).

As in its previous prototype, the needle is driven by conmgrthe rotary motion
of the piezo motor (LEGS-R01NM-10 from PiezoMotors, Swedeto translational mo-
tion using a screw structure. The rotation power generayeithd distal piezo motor is
transmitted via a exible Te orf rod to the threaded needle base to generate translational
motion. The universal joint used in the previous prototyps been removed for simplic-
ity and could be easily included if necessary. Differentrits previous prototype, the
rotary motion at the biopsy needle has to be removed; therefowo ceramic bearings
(VXB, Kit8707) are incorporated and press- tted into theed&e base to hold the needle
adapter. With such design, the biopsy needle can rotatly frelative to the needle base
and the friction force between the needle and the tissuaglueedle insertion are suf -
cient to prevent the needle from rotating; thus, pure teatimial motion can be achieved

at the biopsy needle.
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(a) The CAD drawing of the new needle driver

Threaded Needle Base
\

Fixing Tube
\ Flexible Teflon® Rod
Fixture

“Slotted Biopsy Needle

(b) The actual photo of the new needle driver

Figure 2.8: The new needle driver that can advance the nedtleut
rotation [97].
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A plastic xing tube is also included and attached to the @éof the xture. This
xing tube serves dual purposes: to further ensure the redmineedle rotation without
relying on the needle-tissue interaction friction forcedrgss- tting a pin to mate with
the customized slot on the needle, and as a support struotardance the rigidity of the
needle and minimize its bending effect by supporting thelleeand greatly reducing its
unsupported length [28]. Furthermore, this new design efrtkedle driver mechanism
allows the use of needles of various sizes, since the needlell attach to the needle
driver by the threaded needle adaptor, as shown in Figufa)2.8

As its previous prototype, the new needle driver attachésivgi xture to the MRI-
compatible ber-optic force sensor [71] that is used to sathe needle insertion force and
the force sensor is mounted on the mobile platform of thellghraechanism, as shown

in Figure 2.7.

2.4.3 X-Y Stage of the Slave Robot

The newly implementeX -Y stage extends the workspace of the slave robot by enabling
it to move in the vertical plane (both horizontally and veatly). It can also compen-
sate for the ensuing offsets of the mobile platfornxinandy, directions as the needle
orientation is adjusted by manipulating the parallel medra, which is later shown in
Section 2.6.

The X -Y stage, as shown in Figure 2.7, is the subsystem behind tleegbals
form and holds the parallel mechanism. It implements twepshdent DOFs using two

linear guide systems purchased from igu@®ryLin ® WK-10-80-20-01-450 and WK-
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10-80-10-01-250). Each of the linear guide system is aetuatith a cable cylinder,
which can provide larger strokes in a given limited spacehsas inside of the MRI
bore. Both cylinders are of the nonmagnetic version of th@T€kries cable cylinders
from Tolomatic, Inc. Along the, direction the cable cylinder with286 mm (9') stroke
(Tolomatic 10760032 SK9) is used, and its position feedbadbtained from a sensing
membrane (spectrasymbol, TSP-L-0300-103-1%-RH) thathés to the robot base and
can measure up 00 mm along they, direction, the cable cylinder with01:6 mm (4)
stroke (Tolomatic 10760032 SK4) is used, and its positibormation is provided by an-
other sensing membrane (spectrasymbol, TSP-L-0150-Y&RH) that can measure up
to 150 mm

With such design and implementation, the parallel mecimaczn be moved from
the base in the horizontak{) and vertical Y, directions. Hence, before performing
needle insertion with the needle driver mechanism, thedyiogedle can be positioned
coarsely at the appropriate location prior to engaging @m@lfel mechanism. This is
followed by a ne repositioning after manipulating the plegmechanism to adjust the

needle orientation.

2.5 MRI-Compatibility Evaluation of the Slave Robot

To verify the MRI-compatibility of the slave robot implemex in Section 2.4, two MRI
tests have been performed. Both tests were conducted ussignaens3 T Tim Trio
MR scanner (Siemens Medical Solutions; Malvern, PA) andettpgerimental setup was

shown in Figure 2.9.
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Figure 2.9: Experimental setup for the MRI-compatibilityakiation of
the slave robot

In the rsttest, the phantom imaged was a standard cylimdibottle, and the imag-
ing sequence used was a gradient echo acquisition ity = 1:63=35424ms Ip
angle= 20 , bandwidth= 870 Hz=pixel, FoV = 160 160 mm matrix = 128 128
and slice thickness 3mm. This rst test was to verify the MRI-compatibility of the
slave robot at resting state and the in uence of the pneunaatiuation on the quality of
the MR images. The phantom used in the second test was a halagrhantom, which
was made of a mixture d200 ml boiling water and7 g gelatin powder (Knox gelatin,
Kraft Foods Global Inc.) with an extraml Omniscan (gadodiamide 287 mg-ml)
(GE Healthcare; Waukesha, WI) to increase Thaveighted signal intensity. The imag-

ing sequence used was a gradient echo acquisition TgtiTy = 1:81=3888 ms ip
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angle= 20 , bandwidth= 870 Hz=pixel, FoV = 120 120 mm matrix= 128 128
and slice thickness 3 mm. The in uence of the piezo motor actuation on the MR image

quality was studied in this second test. The MR images aeduaire shown in Figure 2.10.

The rst image of the standard cylindrical bottle phantomsveecquired while the
slave robot was still outside of the MRI room and is shown igufe 2.10(a), which is
used as the ground truth in the rst test. Then, the second M&e, as shown in Fig-
ure 2.10(b), was taken when the slave robot was placed itis&®IRI bore but without
any actuation. Figure 2.10(c) was obtained when the thrassheylinders of the paral-
lel mechanism were actuated to repeat a prede ned motidenpatvhile Figure 2.10(d)
and Figure 2.10(e) were taken when the slave robot was adtmadving back and forth
along the direction ok, andyy, respectively. Figure 2.10(f) shows the image of the
gelatin phantom under the second imaging sequence whewlbéwas put inside the
MRI bore but without any actuation. Figure 2.10(g) was takéen the piezo motor was
actuated to advance the needle towards the phantom, anceAdlO(h) was obtained
when the needle was inserted into the phantom with piezo maatoation. All images
can be clearly depicted with no visually detectable artifac

To further quantify the effect of the slave robot on the MR gaaguality, SNR was
calculated using the de nition of the ratio of the mean pixalue of the signal to the
standard deviation of the pixel value of the background aoi&ll computations were
performed on the original DICOM images and the ROIs usedHw ¢alculation were
indicated on the images with rectangles as shown in Figli@& 2nd the calculated SNRs

are summarized in Table 2.2.
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(a) Ground truth image of the (b) Image ofthe rsttestwith un- (c) Image of the rst test with
rst test without robot actuated robot parallel mechanism actuated

(d) Image of the rst test with (e) Image of the rst test with
horizontal cable cylinder actuated vertical cable cylinder actuated

(H Image of the second test with (g) Image of the second test with(h) Image of the second test with
unactuated robot piezo motor actuated and advancneedle inserted into the phantom
ing the needle towards the phan-and piezo motor actuated
tom

Figure 2.10: MR images of the two MRI tests. (a)—(e) are theges for
the rst test while (f)—(h) are the images for the second.test
The rectangles indicate the ROIs used to calculate the SNR
for each image [97].
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Table 2.2: SNRs of the MR images with the slave robot

(a) SNRs of the MR images of the rst test

Experimental Setup SNR Values
Ground truth without robot presence 78.58
With robot but without any actuation 73.91
With pneumatic actuation of the parallel mechanism 76.03

With pneumatic actuation of the horizontal cable cylinder 7.0D

With pneumatic actuation of the vertical cable cylinder 654.

(b) SNRs of the MR images of the second test

Experimental Setup SNR Values

With robot but without any actuation 75.97

With piezo motor actuated advancing the nee- 77.48
dle towards the phantom

With piezo motor actuated and the needle in- 71.27
serted into the phantom

The SNR values listed in Table 2.2(a) show a small SNR losswithe robot was

placed inside the MRI bore. This could be attributed to themagnetic metal parts used

to implement this slave robot and would not be an issue sime@tage still maintained

a high SNR with no visually detectable artifact or distantidVhen the slave robot was

actuated pneumatically, the SNR values varied by very sarmathunts and that could

be attributed to the false signal generated by the metas$ pérthe slave robot. In the

second test when the robot was actuated with piezo motaglat SINR increase was also

observed as in the case of pneumatic actuation, as showrbia Z&(b). The resulting

images were still of good quality with high SNRs.

Again, it is necessary to point out that SNR values are notpavable between
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scans of different imaging parameters or on different stibjeln this evaluation experi-
ment, theT; constant of the standard cylinder bottle phantom and theshaswe gelatin
phantom are different due to their different solution cosipon. Differences also exist
in the voxel size as well as the scanning parameters of thetaging sequences. There-
fore, the SNR values are not comparable between the rstlamdecond test, though the
resulted numbers are quite close. Also notice that the ROtiseosignal used for com-
puting the SNR of Figure 2.10(h) is different from those usethe SNR computation
of Figure 2.10(f) and Figure 2.10(g). This is primarily daethe different choice of the
image plane and its relative position with respect to thegimgsubject (gelatin phantom
only): the imaging plane used to take Figure 2.10(f) and fad2110(g) is at the edge
of the phantom to monitor the contact of the needle with thenpbm and only partial
volume has been imaged. Hence, the ROIs of the signal for&igii0(h) is chosen at
the edge of the phantom accordingly avoiding the needle antparable SNR value as
those for Figure 2.10(f) and Figure 2.10(g) is obtained.

The acquired MR images and SNR analysis show that the slé&a does not in-
duce image artifact or distortion that can cause signi aegradation in the image qual-
ity. Hence, the slave robot can be safely operated insidedaener with only minimal

in uence on SNR.

2.6 Kinematic Analysis of the Slave Robot

The design and implementation of the slave robot has beesemied in the previous

sections, and the MRI-compatibility evaluations done iot® 2.5 has veri ed that the

54



robot can be safely operated inside the MRI bore and perfoeadh biopsy under contin-
uous MR imaging guidance. In this section, the kinematiahefslave robot, including
both inverse and forward kinematics, will be studied in detehich would help under-

stand its kinematic characteristics, workspace, and ndethmanipulation.

As described in Section 2.4, the slave robot consists okthubsystems, i.e., the
X -Y stage, the needle driver, and the parallel mechanism. XIt¥e stage moves the
parallel mechanism in two orthogonal directions in a deéedimanner, while the needle
driver always advances the needle in perpendicular to tHelenplatform of the parallel
mechanism, and hence, is relatively easy to describe kitieaig. On the contrary,
the parallel mechanism changes the orientation and ttaoslaf its mobile platform
relative to the base by changing the lengths of the threeshrgders, which is not
intuitive and will be the focus of this section. The kinerganalysis of the three-link
parallel mechanism has also been studied in the literafidte 99, 100], and a different
approach using screw theory has been adopted in this sedtf@dynamic analysis of
such platform is available in [101].

To reduce the total number of geometric parameters and iyntip derivation, the
coordinates of the parallel mechanism have been de ned asrsin Figure 2.2. The
base framd=" (0,Xpypzs) that attaches to the base platform is de ned to havedtsy,
plane coincide with the plane determined by the three régghintsR, R,, andRs. The
origin o, lies at the center of the three joints with tjxaeaxis pointing toR; while its z,-
axis pointing towards the mobile platform. Similarly, thebile frameF™ (0 XmYmzm)
that attaches to the mobile platform is de ned to haveoi{xym plane coincide with
the plane determined by the three spherical joBitsS,, andSs;. The origino, lies at
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the center of the three joints with thyg,-axis pointing toS; while its z,,-axis pointing
outwards of the parallel mechanism. The radii of the cirglagre the revolute joints lie
on the base platform and the spherical joints lie on the regtditform are denoted by
R andr, respectively.L,, L,, andL 3 are used to denote the lengths of the links of the

parallel mechanism.

2.6.1 Inverse Kinematics of the Parallel Mechanism

The inverse kinematics is to solve the actuated link vagesfle. L, L,, andL3, given
the spatial orientation and position of the end effectaa th, the mobile platform. To
derive the inverse kinematics of the parallel mechanismguscrew theory, each of the
three extensible links will be treated as an independenOFBerial manipulator with
one revolute joint and one prismatic joint. Then, the honmegels coordinates of the
prismatic joint tips, which are the spherical joil8g S,, andSz, can be computed using
forward kinematic derivation of those simple 2-DOF mangtais. Those coordinates
can also be computed using homogeneous transformatiom tifigespatial orientation and
position of the mobile platform, on which those sphericati® are physically xed with
known geometric relation. By equating these three poimig'asponding coordinates that
are computed in two different ways, the mathematical rehelietween the actuating link
variables and the spatial orientation and position of treeedfector can be acquired, and
hence the inverse kinematics can be solved.

Under the prede ned coordinate system, the homogeneousicates of the revo-

lute jointsRP and those of the spherical joir®" (i = 1, 2, 3) in their respective frames,
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FP andF™, can be written as:

) 3 2 p_ 3 2p_ 3
3k 3R
0 2 2
1 1
R "R "R
RP = ; RY= 2 4; RY=8 2 (2.1)
0 0 0
1 1 1
2 p_ 3 2p 3
23 P35 ’3
0 2 2
; 1 1
_ . m — ~ . m — ~
SIS . SP = 2 4. sh=8 2 (2.2)
0 0 0
1 1 1

The forward kinematics of each link can be computed by rdatimg about its
revolute joint and then extending its prismatic joint. Thigial con guration of each link
is chosen such that the three links are aligned withxes and the prismatic joints are
fully retracted to their minimum lengths, and the correspog transformation between

the link tips and the base frame is given by:

2
1 0 0 0
0 1 0 R
Ost;1(0) = (2.3)
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2 3
3
1 0 0 —R
1
0 1 0 =R
Gst;2(0) = 2 (2.4)
o 0 1 0

2 p_ 3
1 0 0 —R
1
0 1 0 =R
Ost;:3(0) = 2 (2.5)

To construct the twists for the revolute joints, the jointation axes as well as the

coordinates of the corresponding reference points can ilewas:

2 3 2 3
2 2
_ p_
S _§ ; ly=8 3 (2.6)
2 2
0 0
5 3 2 p_ 3 2p_ 3
3R 3R
0 2 2
&=8RY; }-= 14 =8 1 (2.7)
2 o
0 0 0
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and the twists for the revolute joints can be computed by

ri :[ i g5 ! i]T (2'8)

as shown below:

3 2 3
0 0

2 3
0

(2.9)

rn2 =

=
1
o [ - o
NG 0)0)0)0)9)8)0)8)5)020)0)8) 82 5) 070 92 o) I V)
©
w NI~ O o
w
|
© o
Wl NI~ O

o N
o I\J‘

All the prismatic joints point in the, direction and have the same associated twist:

;
pl= p2= p3= 0 0 1 0 0O (2.10)

Hence, the forward kinematic map of linkcan be computed using the exponential
of twists,

Qi = €7 1ePiligy (0) (2.11)

59



and they are shown as:

2 3
1 0 0 0
0c, s, R Iis,
Ost;1 = (2-12)
lic,
1
2 _ _ _ 3
1+3c 3( 1+¢c),) P p
7] 7] 752 —( R+ 155),)
p_
+
LD i Y. A R¥lbs)
Ost2 = p4 4 (2.13)
3 1
752 ész Cz
0 0 0
_ _ _ 3
1+3c "3(1+c)) 13s ID—(R lss )
4 4 273 33
3( 1+ 3+
% ¢ }33 }( R+ 13s,)
Ost3 = ) 4 2 2 (2.14)
gs 1s C [5C
2 3 é 3 3 3L 3
0 0 0 1

where ; is the rotation variable ariglis the translation variable for link ands , = sin ;
andc, =cos ; (i =1, 2, 3). The homogeneous coordinates of the end effectors in the

base frame, i.eSP, Sb, andS?, correspond to the™column of each forward kinematics

60



map given by (2.12)-(2.14), and can be written as:

5 3 2[3§ 3 2p§ 3
—( R+ 1Iss —(R I3s
0 2( 2S ;) 2( 3S ;)
1 1
b R |1S 1 b é( R+ |2$ 2) b é( R+ |3S 3)
81: X SZ = ; 83: (215)
l1C
e |2C2 |3C3
1
1 1

Now the homogeneous coordinates of the same points in thefase will be
computed with the spatial orientation and position of thebileoplatform using homo-
geneous transformation. The spatial orientation of theilagbatform can be described
with Z-Y -Z Euler angles of , , , and its position can be determined by an arbitrary
point on it. For derivation simplicity, this point is chose&rbe the origin of fram&™, o,
and its homogeneous coordinates is denotddas yf,’m; zﬁ,’m; 1)". Hence, the transfor-
mation matrix,T?, that maps coordinates from the mobile fraff& to the base frame
FP°, can be derived as:

2 3
ccc SS ccs SC Cs X

scc t+cCcs SCSsS +CC SsS Y,

(2.16)

So

SC SS C Y4

0 0 0 1

The homogeneous coordinates of the spherical joints indse irame now can be

computed by applying the transformation matrix to theirrdimates in the mobile frame,
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SP=TPSM (i=1,23),as:

2
r(ccs +sc)+x
g( scs +cc)+y0

S+Z

2 p-
3 1
7r(ccc ss)+—r(ccs+sc)+x
"3 1
7r(scc+cs)+§r(scs cc)+yOm
p_
—Ts ¢ érss+z§m
1
2 p_
p3 1 b
7r(ccc ss)+§r(ccs+sc)+xOm

Sh= 2 )
—:_Brs Cc }rs s +2z°
2 2 Om

1

1
—3r(SCC+CS)+§f(SCS CC)+ygm

3
] (2.17)

3

By comparing the homogeneous coordinates of the spheng#kjexpressed in

both (2.15) and (2.17), nine equations with twelve varialgien be acquired. This shows

that the mechanism has only three DOFs. These nine equatiens

0= r(ccs +sc)+ x5
R Iis,=r( scs +cc)+y>
lic,=rss + 25
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3 3 1
7( R+ 1I,8,)= 7r(ccc ss)+§r(ccs +scC)+ X3 (2.21)
1 P3 1
é( R+18,)= 7r(scc +cs)+ ér(scs cc)+ ygm (2.22)
"3
e, = r1sc Srss + ) (2.23)
"3 "3 1
7(R I3s,) = 7r(c cc ss)+ ér(c cs +sc)+ xgm (2.24)
1 P3 1
§( R+I353):7r(scc +Ccs)+ ér(scs cc)+y§m (2.25)
p_
lic,= —rsc grs s+ z) (2.26)

Dividing (2.21) by (2.22) with some manipulation results in

p_
3 1 b
Tr(ccc ss)+§r(ccs+sc)+x0m
IO—" p§ 1 i
= 3 7r(scc +Ccs)+ ér(scs cc)+y§m (2.27)

Similarly, dividing (2.24) by (2.25) with some manipulatioesults in:

1
—r(ccc ss)+§r(ccs+sc)+xgm
llp_ #

= 3 —r(scc +cs)+%r(scs cc)+y§m (2.28)
Summing up (2.27) and (2.28) leads to:
b I S
2xo +r(ccs +sc)= 3 3(scc +cs) (2.29)
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Now substitute (2.18) into the above equation with manijotteand nally get:
(c +1)s, =0 (2.30)

Considering the physical constraints that rule outthe eds = and require > <

;< E,and the following relation is acquired:

= (2.31)
Furthermore, from (2.18) and (2.285m andyf)’m can be solved respectively as:
b T
Xom = Q(l C)S; (2.32)
r
Yoo = 51 €)e (2.33)

Thus , ( > < < 5) andzfjm are independent variables and can be used to determine
xgm , yf)’m , and . This further veri es that the mechanism has only three DOf@wvever,
such parallel mechanism can still movexg y,, and aboutF® in a constrained way
when it is being actuated, generating motion in the 6-DOFcspaNhen those three
independent variables are given, the transformation maftiis determined, an8?(i =

1; 2; 3) can be computed using (2.17). Then the link lengtfi = 1; 2; 3) can be

calculated with the coordinates givenin (2.1) and (2.17) as

q
Li= (8§ R)?+(S), RYIZ+(SE Rp)? (2.34)
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where subscripts, y, z are used to denote they, z coordinates of each point.

2.6.2 Forward Kinematics of the Parallel Mechanism

The forward kinematics is to compute the spatial positich@ientation of the end effec-
tor with known link variables, and is helpful to study the wspace of the manipulator.
Unlike the forward kinematics of serial manipulators, tbeafard kinematics of parallel
mechanisms generally do not have simple explicit form, arig oumerical solutions are
possible. In the case of this parallel mechanism, it is teeso| , , x5 ,ye , andzg |
with knownL; (i = 1, 2, 3). The variable de nition in the previous section is adopited
the derivation of the forward kinematics here.

The inverse kinematics derived in the previous section slgotat the three-link
parallel mechanism has three DOFs. It is also shown in thigatem that complicated
relation exists between the independent con gurationaldéis , , andz? and the link
lengthsL; (i = 1, 2, 3). However, if using intermediate variables(i = 1, 2, 3), which
are de ned to be the angles subtended betweeii'tHimk and thez,-axis in the previous
section, equations with simpler form can be derived. Thgsatons can be used to solve

i with numerical methods, and the solution can be applied terdene , andzfjm .

Let the link variables of the prismatic joints be the actuak lengths, i.e.]; = L;

(i =1, 2, 3). The coordinates of the spherical joints in the base frafhare available
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in (2.15) and are rewritten here as:

2 3 2p§ 3 2p_ 3
0 7( R+ Lss 2) 7(R Lss 3)
1 1
R Llsl _( R+ LZS 2) _( R+ L3S 3)
Sh= ;S5 =82 , S5=R2 (2.35)
L,c
e |_2C2 |_3C3
1
1 1

Notice that these three points are the vertices of an equalatriangle with side
P . . :
length of 3r, the following three equations can be derived as:
8 2
1
% g(R L,s,)? + gR Lis, 5Les, +(Lic, L,c,)* = 3r?
2

1
§L3$3 +(Lic, Lsc,)?=3r?

3 3
(R Lss,)®+ =R Lis,

4 2

2
Lss, +(Lxc, Lsc,)>=23r?

(2.36)

1
2

1
g( 2R+ Lps, + Lgs, )+ 5Les,

Equations (2.36) can be simpli ed as:

3R?+ L3+ L5 3RLjis, 3RL,s,+ Lilys,s, 2Ljil,c,c,=3r?

3R?+ L2+ L2 3RL;s, B3RLss,+ Ljlss,s, 2Lilsc,c,=3r? (237)

VWA AW 00

3R+ L3+ L5 3RLps, B3RLsS,+ Lolss,s, 2llac,c, =3r

which can be used to solve numerically using iterations. Summing up each equations

in (2.37) and dividing by 2, then subtracting each equatiespectively, the equations
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can be rewritten as:

8
(k) =arcsinf1(L1; Lo Lg; 0 %9 &9
1 3RL;,
) f (L . L . L . (k 1). (k 1). (k 1))
(k) _ A i At L N MR- (2.38)
arcsin
% 2 3RL,
(k) =arcsinf3(L1; Lo Lg; 9 %9 &9
3 3RL3

where

fa(La; Los La; 15 25 3)= g(RZ r?)+ Li
+%(L1Lzslsz + LiLss,s, LjLss,s,)
(LiL,c,c, + LiLsc,c, LyLsc,c))

fa(Lyi Loi s 1 25 3)= g(Rz r?)+ L3
+%(L1Lzslsz+ L,Lss,s, LiLss,s,) (2.39)
(LiLsc,c, + LoLsc,c, LiLsc,c))

fa(Las LasLay 15 25 3)= g(Rz r?)+ L3

1
+§(L1L3S S, t LoLss 2SS, LiL>,s 1S 2)

(L2L3C2C3+ L1L3C1C3 LiL>C .C 2)

Now with the previous con guration of the parallel mechaniknown, and by sub-
stituting the previous; into (2.39) and (2.38), the current values 8‘? can be computed
with the givenL;. Then, the spatial position of the spherical joiBfscan be computed
with (2.35), and the spatial position of the center of the itegplatform, o, , is:

p_ p_ !

1 3
Xo = 3 5L 5lss, (2.40)
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1 1 1
b Lis, + 5Los, + Slss, (2.41)

<
o)
3
1
|

1
zb:§@m1+Q%+L¢Q (2.42)

Comparing the coordinates OSE andSS expressed in (2.17) and those in (2.35)

leads to:

z)  Lic,= rss =rss (2.43)
p_
22 Lpc,= 5rss  5ISC = 1SS, -3 (2.44)

Combining with the result of inverse kinematics derivatio2.32) and (2.33), and hence

= ,and can be solved under different conditions:
If x2 =yo =0,thenl c =0;hence, =0,and and are taken a§;

If x2 =0 butyl 60,thens, =0;hence, = 7 759N Yo, »and canbe

determined by

2 Zb b
= arctan2 2__Om-1] Om (2.45)
+ =3 rcs
If x3 6 0 buty? =0, thenc, = 0; hence, = 259 xo ,and can be
determined by
L.c, z9 2x5
=arctan2 —>2 Tom. g Om (2.46)
IS + -3 IS,
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If x2 60 andyg 60, then:

1
= éarctanZ Xo Yo (2.47)
8
b | ¢ 2xP 1 2
arctan2 =2 L-1 Om - jf = Z or=
rs» 3 3 (2.48)
z° 2xb
.Earctanz 2 Om.1 rsom : if = other
+ =3 2

That completes the forward kinematics derivation for theajpel mechanism.

2.6.3 Kinematics of the Slave Robot

With the coordinate de nition and the kinematics result o€ tparallel mechanism, the
kinematics of the slave robot can be studied. SinceXh¥ stage is used to hold the
parallel mechanism at its base and moves indbgy, plane, the global world frame
FO (oxyz) can be de ned to align with framE®, with its origin at the lower left corner
of the X -Y stage's workspace, as shown in Figure 2.7. The offsets fl@otigin of
frameF° to the origin of frame~® are denoted b¥ , st @andY,set and correspond to the
link variables of the two cable cylinders, respectivelys@|lthe needle depth or needle
length, noted asy, can be de ned as the distance from the needle tip to theroogi
the mobile platform of the parallel mechanism. It is worthing that the rotational DOF
of the needle is intentionally neglected during design, lagnce, the slave robot has one
redundant DOF between the needle depthand the mobile platform translatica .

In practice, the needle deplfh will be speci ed accordingly when performing insertion

tasks.

69



The desired robot con guration can be described by the meadéntation and ,
needle tip spatial positiofxy; Yn; znv)T, and the needle deptk. The needle orienta-
tion parameters and are identical to that of the parallel mechanism since thelleee
driver is attached to the mobile platform and only advankesieedle along,, direction.
Therefore, the needle position can be computed with the sam@geneous transforma-
tion matrix, T2, derived as in (2.16). The homogeneous coordinate of theledip in
the mobile framé™ is Tip™ = (0; 0; In; 1)7, and after being transformed to the base

frame, it can be written as:

b

Xom

+IyC S
b
Yo, T INS S

Tip®= TeTipm =@ ° (2.49)
z, * InC

and further mapping such coordinate into fraRfecan lead to:

2 3 2 3
b +|NCS +Xoset XN
_ Yo +INSS + Yoset YN
Tip = = (2.50)
(t))m + InC AN
1

Now the value forzfjrn is available azy  Iyc . Combined with and , the inverse
kinematics of the parallel mechanism can be used to solventleese kinematic of the

slave robot by rst computinggm andygm with (2.32) and (2.33), then getting, s¢t and
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Yoser from (2.50), andsP from (2.17), and nally gettind_; from (2.34).

Similarly, we can solve the forward kinematics of the slaokat using the result
derived for the parallel mechanism in Section 2.6.2. Wifhgiven, the intermediate
variables ; can be computed with (2.38) and (2.39). Théh, yo , andzy can be
calculated with (2.40)-(2.42), andand can be calculated with (2.45)-(2.48). Finally,

the spatial position of the needle can be acquired from §2.50

2.7 Control Scheme of the Slave Robot

The overall control scheme of the slave robot is shown infle@ul1l.

I
I > Cylinder H Cable | I
I |') Controller |[I]] Cylinder |
| i X-Y Stage
Desired I > Cylinder | Cable ) I
Position ' |') Controller Cylinder I
| 1 ¥ |
Slave ;
. | > Cylinder || Brass
Desired » Inverse . > I
Orientation| [ |Kinematics |') Controller || | Cylinder |
I
I > Cylinder | Brass L Parallel ||
P |” Controller |!T]| Cylinder Mechanism | |
I H
| > Cylinder || Brass | | !
|') Controller | Cylinder I
I | l Y |
Desired 1 | »| Piezo Motor |11 Piezo Needle |,
Depth | |-’ Controller || | Motor [[7] Driver | >| Target
I

Controller Slave Robot |

Figure 2.11: Overview of the control scheme of the slave robo

The robot will be commanded by the desired needle tip posiéilong with its
orientation and insertion depth. The needle insertionldepindependently controlled
with the needle driver using the piezo motor. With given nedigh position, however, the
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kinematics derivation in Section 2.6 shows that the needjsidalso affects the spatial
position and orientation of both the parallel mechanism tadX -Y stage. Hence, it
should be fed into the inverse kinematics of the slave robaihat the lengths of the
parallel mechanism's three brass cylinders andXh¥ stage's two cable cylinders can
be computed. These cylinders are then controlled by theiesponding controllers with
closed loop control so that each actuator attains its diesoe guration. With appropriate
actuation on each link, the slave robot adjusts its con garaand nally reaches the
target position. In the envisioned application procedtire robot will rstly be directed
to a desired position at a given orientation but with the feeédlly retracted; only after
the desired position and orientation of the robot is acldetiee needle will be advanced

to the pre-planned depth by actuating the piezo motor only.

2.8 Summary

In this chapter, two iterations of the design and implenmtgortaof a slave robot that
is to perform breast biopsy needle insertion under contisldRI guidance has been
presented, along with the necessary MRI-compatibilityueat#on of each version under
various test scenarios. The experimental results showthkaiobot is MRI-compatible
with modest in uence on the SNR values and no visually detelet distortion when be-
ing actuated. Hence, the implemented slave robot will gatyenable the breast biopsy
procedure to be carried out without the need of removing #iept from the MRI bore
and avoid multiple needle insertion iterations while alsaimizing the sampling errors

during biopsy. The kinematics of the robot has been analyzeetail, and the control
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scheme proposed can be used to manipulate the robot to ipettierdesired needle in-
sertion task. Challenges including space constraints etud@on techniques to maintain
high image quality have been overcome in the presented work.

With the currently implemented MRI-compatible slave rqlfotther work on pneu-
matic control, design and implementation of a master mdaipy as well as the master-
slave teleoperation control can be carried out. In the neapter, the pneumatic control

of the pneumatic cylinders used to actuate the slave robbb&investigated.
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Chapter 3

Modeling and Control of Pneumatic Actuation in the Slave &ob

The MRI-compatible slave robot implemented in Chapter 2dtsgpted pneumatic actu-
ation and used pneumatic cylinders for ve out of its six DORs the primary actuation

technique, the position control of pneumatic cylinderstbdse studied in detail, since the
pneumatic control problem is very challenging due to themeht nonlinearity introduced
by the compressible air. It is further complicated by theadtiction of long pneumatic

transmission lines that are necessary to use the pneurahtes\placed inside the control
room to control the cylinders inside the MRI scanner bore.

In this chapter, the modeling and position control of the MBmpatible pneumatic
system have been studied with proportional pressure valv@gll as proportional mass
ow rate valves. Started with a brief review on the applicati modeling and control
of pneumatic systems in Section 3.1, a 1-DOF MRI-compatibleumatically actuated
prototype device is designed and implemented in Section Blts is followed by the
modeling of the implemented pneumatic actuation systemeiti@ 3.3. Controllers
are then designed in Section 3.4 and their evaluation seaslivell as the device MRI-
compatibility test result using long transmission lines presented in Section 3.5 and
Section 3.6, respectively. Preliminary controller desagd evaluation on the actual brass
cylinder used in the slave robot using proportional mass rate valve is then presented

in Section 3.7, and summaries are made in Section 3.8.
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3.1 Background of Pneumatic Actuation

The pneumatic actuation is one of the traditional actuatemhniques and it uses the
compressed air to induce mechanical motion. The common whysing pneumatics
for linear actuation are applying either pneumatic cylinalepneumatic arti cial muscle
(PAM). Due to its low-cost, reliability, ease of maintenan@and high-power output,
pneumatic actuation has been widely applied in many agpics

Ben-Dov and Salcudean implemented a force-controlled miag¢ia actuator using
cylinders and customized apper valves with targeting aggtion of teleoperation mas-
ters [102, 103]. Salcudean et al. developed a six DOFs né&enalevice using PAM
for applications requiring high position resolution andci® control [104]. Adopted the
structure of six-link Stewart platform, Girone and Burdeale developed the “Rutgers
Ankle” using pneumatic cylinders [85-87]. Verrelst et atvdloped the second gener-
ation PAM and applied it in the implementation of the bipetdaty Lucy, as well as an
operator assisting manipulator [105]. Zhang et al. desigmal implemented a series of
climbing robots actuated with pneumatic cylinders for gtasll cleaning of high-rise
buildings [106]. Durbha and Li applied pneumatic actuatorghe implementation of a
passive bilateral teleoperation system with human forcgliasation [107]. Narilka and
Hosoda built up a musculoskeletal infant robot with PAM todst the mechanism of an
infant's locomotive development [108], and Wait and Gaddifdesigned and implemented
a quadrupedal walking robot with pneumatic cylinders [109]

The pneumatic actuation requires complicated controlrtiegles, due to the com-

pressible nature of air that results in nonlinear dynanspoase, and sophisticated sens-
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ing and valve mechanisms are needed for accurate and rbjeeptssitioning [110]. To
take advantage of pneumatic actuation in more applicatittveschallenging pneumatic
control has been studied in detail on the pneumatic systedehmg as well as its control
techniques.

The model for the pneumatic system is highly nonlinear asaltef the air com-
pressibility and the nonlinear air ow. Richer and Hurmuzleveloped a detailed math-
ematical model based on the principle of physics and the hpatameters were iden-
ti ed experimentally [111]. Barth et al. proposed to use 8iate-space averaging ap-
proach to model a pulse-width modulation (PWM)-based pragicnsystem [112]. Such
method provided the analytic machinery to remove the discoities associated with
switching so that standard nonlinear control design teges could be applied. Zhao et
al. presented the method of using orthogonal polynomialpfi@eumatic system identi -
cation [113]. It was to avoid the commonly used pseudo-rambtimary sequences that
could potentially damage the pneumatic system. By modé¢hiegnain internal mecha-
tronic devices, Sorli et al. formulated a nonlinear dynamadel of a pneumatic propor-
tional pressure valve so that both the time-domain and #guincy-domain dynamic
behavior of the valve can be simulated [114]. Lu et al. stidigopneumatic contstant
pressure system and established a complete dynamic molieh was used in a zero
gravity simulation [115].

Substantial work has also been done to investigate thealdetthniques for the
pneumatic systems. Using an adaptive approach, Bobrowabizhd studied the force
and position control for a pneumatic cylinder [116], and Mcigll and Bobrow studied
the tracking control of a pneumatic cylinder that was to bpliagd in an air powered
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robot [117]. Hamiti et al. presented a double-loop contabiesne for pneumatic servo
systems [118]. It used analog proportional (P) control k& inner loop to stabilize the
system and digital proportional integral (PI) control foetouter loop to specify whole
system characteristics. The integral gain of the outer lomproller could also be de-
creased to eliminate the limit cycles due to stick-sliptfan. Brun et al. applied some
linear and nonlinear control laws on an electropneumatsitipming system and com-
pared the positioning and tracking performance in [119]adidress the pneumatic con-
trol problem for systems with connection port restrictiorgdi ed feedback linearization
method was proposed by Bigras et al. to work with the singylabserved in a regu-
lar feedback linearization controller [120]. With friciacompensation, Ning and Bone
used PVA/PV control and achieved high steady-state positipaccuracy for a pneu-
matic cylinder [121]. To enhance the dynamic performandélciibben PAM, Davis et
al. showed that the bandwidth limit could be greatly inceedsy reducing dead volume in
the pneumatic systems and ensuring effective air ow rag2]1By taking advantages of
the natural compliance of pneumatic actuators, Zhu anchB#eveloped an impedance
controller for a pneumatic actuator for contact tasks buheit the need to use a load
cell [123].

To address the uncertainties in the complicated highlyineat pneumatic sys-
tem, sliding mode control (SMC) technique has been adoptedultiple applications.
Based on the developed model in [111], Richer and Hurmuzkeldped two high per-
formance pneumatic force controllers using SMC theory tooaat for the modeling
error of pneumatics [124]. Lilly and Quesada developed jedtary tracking controller
for a planar arm actuated with PAM groups [125]. Multiplgnin sliding mode tech-
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nique was used to account for parameter variation of the PéMaeall as the mass change
of the manipulator arm. Along with friction compensatiomad et al. developed a two-
layer sliding mode electro-pneumatic synchro positionesyswith feedback linearization
and achieved accurate and robust performance under vaeytegnal force [126]. Van
Damme et al. applied SMC technique on a 2-DOF planar pneamenipulator after
feedback linearization to account for the model approxiomegrror [127].

Attempts have also been made to reduce the cost of the pniewsystem, by re-
placing the expensive pressure sensors with nonlineamadrseor replacing the servo
valves with on/ off solenoid valves. Based on the work in [1tB&t studied the role of
pressure sensors in pneumatic servo control, Gulati anth Bveloped a Lyapunov-
based pressure observer [129]. That observer was then asil/¢lop a robust con-
troller [130], and the improved robust controller with gédly stable load-independent
pressure observer was presented in [131]. With on/off exdewmalves, van Varseveld
and Bone developed a novel PWM valve pulsing algorithm aredl ygoportional inte-
gral derivative (PID) control with added friction competisa and position feed-forward
to achieve on a pneumatic system comparable overall peafocento those using servo
valves [132]. Chen et al. developed a hybrid fuzzy contrdbean Arm-Exoskeleton us-
ing on/ off valves and achieved precise force-feedbackrobji33]. Le et al. proposed to
use a predictive hybrid control law to implement a pneumlieoperation system using
on/ off valves [134]. Comparison study showed better tnaglkind dynamic performance
with this control approach than that with PWM control [135];

The aforementioned research work focuses on the nonligezrihe air ow with

either the traditional proportional mass ow rate valvelog bn/ off solenoid valves, or on

78



the nonlinearity of the pressure dynamics in the actuatanders. Their targeting pneu-
matic systems have valves placed close to the actuatorsiw#ne in uence of transmis-
sion line dynamics. The longest transmission lines usecigtioned in [124] a2 meters,
and the performance difference is signi cant compared &b tising transmission lines of
0:5 meters. Also, some of the controllers aimed at force contmotl the complicated
friction force on the cylinder piston is hence neglected.dévelop a MRI-compatible
pneumatic actuation system for the MRI-compatible slab®taeveloped in Chapter 2,
the parts intended to be used inside the MRI bore have to keealto be made of MRI-
safe materials with MRI-compatible actuation, and the MRcompatible parts have
to be placed outside of the MRI room inside the control roonmc& the commercially
available pressure sensors as well as the proportionaésvave not MRI-compatible,
they have to be placed inside the MRI control room and areudistway from the pneu-
matic cylinders located inside the MRI bore. Hence, longupnatic transmission lines
up to 9 meters are unavoidable. The presence of such long trariemigses can sig-
ni cantly affect the system performance, by slowing dowe fhressure response from
the valve output ports to the corresponding cylinder chasbehis is partially because
it takes a non-negligible amount of time for the pressureasaw travel from one side
of the transmission line to the other, and partially becdabhsenon-negligible volume of
the transmission lines along with the limited mass ow ratdivery capability of the
compressed air supply lead to a non-negligible pressutd-bpitime. Also, the mate-
rial limitation requires as many as possible parts of theupmagic device be built with
high-strength polymer material. However, due to the inhkereaterial characteristics
of polymers, non-uniform (position dependent) frictiorthwstatic friction signi cantly
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higher than dynamic friction, is present in the device impm@ted. This makes precise

position control extremely challenging.

3.2 Design and Development of the 1-DOF MRI-Compatible Amesit

cally Actuated Prototype Device

To evaluate the feasibility of MRI-compatible pneumatit¢uation inside the MRI en-
vironment, a 1-DOF pneumatically actuated prototype dehias been built with MRI-
compatible materials and parts, as shown in the top imagegafé&3.1.

As mentioned previously in Section 2.1, this prototype devias to be built with
MRI-compatible materials. The key component, i.e., theupmatic cylinder, is a non-
magnetic anti-stiction plastic cylinder (Airpdf AC-13270-3) with a stroke df524 mm
(6). It is actuated by two pressure valves through 8umeters long pneumatic trans-
mission lines with3:175mm(1=8") ID. It is made mainly of plastic material with the
only exception being its cylinder rod, which is made of brgdiy 360) and renders no
signi cant image distortion when tested inside the MRI hofide brass cylinder rod is
attached to the Delrifh made slider block, which is guided by two guiding rods. The tw
guiding rods are initially made of carbon ber tubes. Sinbe two carbon ber tubes
are not rigid enough to provide parallel guidance and induedging effect that keeps
the slider from moving smoothly along the guiding rods, they later replaced with two
titanium rods, which are tested to be MRI-compatible. Touemshe smooth motion of
the slider, the iglid€ M250 linear bearings are also used. On the top of the slitketis

optical encoder (US Digital, LIN-500-10-N, EM1-0-500) Wwia resolution o600cycles
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Figure 3.1: MRI-compatible 1-DOF pneumatically actuateotgtype
device. The top image shows the experimental setup inside
the MRI; all equipment that is not MRI-compatible has been
placed inside the control room.
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per inch (CPI). Itis used to indirectly measure the positbbthe pneumatic cylinder by
measuring the relative position of the slider along the mugidods. The encoder signals
are transmitted with a cable driver (US Digital, PC5-H10ptigh a long shielded cable
and the cable passes through the Iter panel of the MRI rooravimid picking up RF
noise that could degrade the MR image quality. Beneath ttersh specially designed
MRI-compatible 3-DOF ber-optic force sensor is attachedhich is developed by Tan
et al. [71] and has been used in the slave robot implementati€hapter 2. A MRI-
compatible RFA needle is attached to the force sensor sdhbateedle insertion force
can be measured inside the MRI bore. All other parts of théopype device are built
with Delrin® to ensure MRI-compatibility of the pneumatic actuationteys The total
mass load of the pneumatic system including the cylindeopisod, the slider, the force
sensor, the optical encoder, and the RFA needle is measubeDi675 kg

The two pressure valves are proportional piezo pressuresgurchased from
HoerbigeFM (Tecno plus, PS120100-080-036) with nominal reaction tohéess than
10 ms They are placed inside the control room along with other-Kifti-compatible
components including the air lter & regulator system, thiedayer, and the data acquisi-
tion (DAQ) system, as shown in the bottom image of Figure Blllmeasurements of the
pneumatic actuation system are taken through the Sens@@ycBrds (Model 626) and
the controller has been implemented in a Linux PC (Ihte#1:8 GHzCPU andb12 MB

Memory) with500 Hzsampling rate.
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3.3 Modeling of the Pneumatic Actuation System

The system modeling of the pneumatic actuation system msnéasto the controller
design as well as its evaluation. The model of the pneumatiaéion system consists of
four subsystems: the valve model, the transmission lineaittk piston-load model, and

the friction model. These four models are described in tiet#he following subsections.

3.3.1 Pneumatic Valve Model

The pneumatic valves used for the 1-DOF prototype deviceagrair of proportional
pressure valves. By commanding analog voltage signal teglve, proportional pressure
output can be expected at the respective valve output pdris, Th a way, avoids the
nonlinearity of the ori ce mass ow rate of the proportionalass ow rate valves by the
inner pressure feedback mechanism of the pressure valvesthér advantage of using
pressure valves is that it could eliminate the need of presmnsors or pressure observers
for cylinder chamber pressure information, should the eslve placed close enough to
the cylinder or only the static state of the pressure is coretk By approximating the
valve as a rst order system based on experimental data, tuehis established without
disassembling the expensive pressure valve. The transfetién of the pressure valve is

thus given by:

Py(s) _ 0:8s+50
u(s)  s+50

(3.1)

whereP, is the valve output pressure ands the valve input voltage. This model gives a

good approximation of the actual valve step response, agrsimoFigure 3.2.
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Figure 3.2: Actual and model step response comparison &ptbopor-
tional pressure valve

3.3.2 Pneumatic Transmission Line Model

As the long pneumatic transmission lines are necessaryisnatiplication to achieve
MRI-compatible actuation and such long pneumatic transimislines play a signi cant
role on the pneumatic actuation performance, its dynami@wer should be studied
and its model has to be established. A schematic of the prteutrensmission line can
be described in Figure 3.3, witRA(l; t) denoting the dynamic air pressure distribution
along the lengthwise directidrof the transmission line at time instancd.;, A, are the
transmission line parameters with the physical meaning@fiotal length and effective
cross-sectional area of the transmission lipét) is the input pressure function at the
transmission line inlet from the valve.

Using Newton's second law and the law of conservation of m&sfuder and

Binder rst derived the partial differential equations gawing the air ow along the trans-
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Figure 3.3: Schematic of the pneumatic transmission line.eprirt
from [2], ¢ IEEE.

mission line [136], which are written as:

6' = RtV @t (32)
Qv_ 1 @P

wherev and are the air velocity and density distribution along the $rarssion line
and are functions of both the transmission line positiamd the time; R; denotes the
transmission line resistance, ani the constant of sound speed.

With appropriate algebraic manipulation, it is shown thathbthe pressure dis-
tribution P (I; t) and the air ow velocity distributionv(l; t) are constrained by a same

second-order partial differential equation with differ@mitial values and boundary con-
ditions:

@ 1@ R @z,

@ @ @t 34
wherez denotes either the pressure distribut®; t) or the air ow velocity distribu-
tion v(l; t). The transmission dynamics of the pressurized air ow althegtransmission
lines can then be obtained by solving this equation giveratiteal initial values and the

boundary conditions.

The equation (3.4), however, is the famous telegraph emuafrhe general ana-

85



lytical solution of the telegraph equation is not availatéspite decades of effort, and
only analytical solutions under certain initial and bourydeonditions or some numeri-
cal solutions have been achieved [137-144]. By studyingpthesical phenomenon of
diffusion with discontinuous movements, Goldstein susfigly found two analytical so-
lutions to the telegraph equation under the same zero licibiadition [137]. The two
solutions correspond to two different boundary conditiomse is with a step boundary
condition while the other is with a pulse boundary conditidrhis is analogous to the
basic pressure dynamic response of the transmission lree gistep pressure input or an
impulse pressure input; however, both solutions are togptioated to evaluate in prac-
tice either analytically or numerically, and hence, arezaneaningful in theory. Besides
the attempts to solve the telegraph equation analyticallyerical algorithms have also
been developed, yet none of those solutions available amglesienough to be used for
controller design or simulation evaluation purposes [1138}].

Although extensive work has been done for the solution oteétegraph equation,
acquiring such solution alone does not necessarily ledtetdynamic air pressure charac-
terization along the transmission line for three reasoirst &f all, the telegraph equation
is a derivation of the partial differential equations (3a2d (3.3), which is based on the
assumption that there is no re ection or resonance in thestrassion line. This could
be justi able with an open-ended transmission line, but ldotonceivably lead to in-
correct results in an application where the transmissiom i connected to a small and
closed volume, i.e., the cylinder chamber. Second, thegpdifferential equations (3.2)
and (3.3) also indicate a xed boundary condition at the ehthe transmission line. In

practice, however, the transmission line connects to thiadsr chamber, at which the
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air owing through the transmission line accumulates arglifes in the pressure increase
that changes the boundary condition. Finally, the coehtseof the telegraph equation
contain the air density, which is a function of both the timeand the location, due to
the pressure variation along the transmission line. Thisddead to a higher order partial
differential equation or a telegraph equation with varyoo@f cients that are dependent
on the solution itself. Although Aloy et al. attempted to qute a variable coef cient
telegraph equation, that coef cient variation was not dejent on the solution [142] and
their method cannot be applied here.

Due to the aforementioned challenges and concerns anddeoimgj the result de-
rived in [111], the dynamics of th@meters transmission line is modeled with a rst-order
system with a constant time delay, which represents thespre$uild-up process at the
end of the transmission line and the pressure propagataeps along the transmission
line, respectively. The model with its estimated paransdbased on experimental data is

given by:

Po(S) _ 0:255+32 40065
Pi(s)  s+32

(3.5)

whereP, andP; are the respective input and output pressures. The timg detieter-
mined as the ratio of the transmission line length and th@raipagation speed. When
using exible tubing, the effects due to the elasticity oétbonduit wall can be account
for by estimating the propagation speed based on the eféelotilk modulus of the uid
(air in this case) and the tube [145]. For simplicity of appneation, however, the speed
of sound is used as the propagation speed, and the time datayiputed ak.=c This

model closely characterizes the actual transmission liep gesponse, as is shown in
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Figure 3.4.

pneumatic transmission line

3.3.3 Cylinder Piston-Load Model

The mechanical structure of a typical double-acting cydind shown in Figure 3.5, and

its dynamical model can be written as:

Mx = P1A;  PA; PiA + FL+ F (3.6)

whereM is the total mass of the piston-rod, the slider, the forcesseand other loads
attached;x is the position of the sliderP;, A; andP,, A, are the pressure and the
effective cross-sectional area of each cylinder chambspeactivelypP, is the atmosphere

pressureA, is the effective cross-sectional area of the cylinder fied;is the external
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force, andF; is the total frictional force.

Since the proportional pressure valves are selected toatdhe position of the
cylinder, the two chamber pressufiesandP, can be directly used as the control vari-
ables, and the only command input in (3.6) will be the desagdhder position. Now
the problem expression can be simpli ed by maintaining aearage chamber pressure
of 2758 kPa (40 ps) at steady state and using the pressure difference as theamtiol

output for this cylinder:

P, =275:8+ P (3.7)

P,=2758 P (3.8)

where P is the pressure difference between the two cylinder chamiessures. Now

the cylinder piston-load dynamic equation can be rewriégn

Mx=(A +A) P+(275:8 PA + F + F (3.9)

Note that the ternf2758 P,)A, is a known constant determined by the cross-

. X +
c 2011 IEEE Position sensor _—

Cylinder
Mp; A

M Load

Py, Vi, Ay Py, Vs, Ay Fa

<—FL

Force sensor

Figure 3.5: Schematic representation of the piston-loatisystem.
Reprint from [2], ¢ IEEE.
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sectional area of the cylinder réd and the atmosphere pressixg and that the external

forceF_ can be measured by the force sensor, the model can be fuirtiy@r ed as:

Mx = (Al + Az)U + Fs (310)

(2758 PLA, + FL

is a known offset.
A+ A,

and P=u ugwithug=

3.3.4 Friction Model

Friction force re ects the interacting behavior of objetiscontact with relative motion
and can directly affect the system positioning accuracyvendhe stability in applica-
tions where the friction effect cannot be neglected. Henesgarchers have studied the
friction phenomenon in detail, and various friction modeése been established, along
with numerous control techniques based on friction modeimensation.

Walrath investigated the dynamic friction charactersid a gimbal bearing and
created a friction model that could adjust its parameteaptiekly and predict the real-
time friction torque [146]. Armstrong-Hélouvry appliedntensional and perturbation
analysis to study the stick-slip problem and establisheexatt model of the nonlinear
friction force [147]. Dupont and Bapna presented the resulhow the normal force de-
pendant friction force would affect the stability of low{geity motion [148], and Dupont
and Dunlap proposed to include a frictional lag in the neg#tisloped friction velocity
curve and eliminated stick-slip by stiffening the systemgJL Generally, friction can
be modeled with a combination of seven distinct phenomeh&are named as: static

friction (the force required to initiate the motion), conlb friction (also known as kinetic
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friction and is the friction force component independenteibcity), viscous friction (the
velocity dependent friction force component), Stribecktion (the phenomenon that de-
scribes the friction variation with respect to velocity ngge), rising static friction (the
static friction component that increases as the dwell tinoegases), frictional memory
(the friction force component that will not change at theanse the velocity changes),
and the Dahl effect (also known as the pre-sliding displaardrand states that the inter-
acting surface of two objects behaves like a spring befarddite exerted in the tangen-
tial direction reaches the static force, and exhibits suligfplacement that is proportional
to the exerted force). A detailed discussion on those émcphenomena can be found
in [150], and the analysis tools and compensation methodsht® automatic control
of systems with friction are presented in [151]. Ehrich eswed several different fric-
tion models, based on which adaptive friction compensatmmtrollers were designed
for bi-directional low-velocity position tracking systenil52, 153]. With an observer
to estimate the Coulomb friction, Friedland and Park pressea method to adaptively
compensate the friction in control systems [154]. Dupombpared two experimentally-
based dynamic friction models using a linearized stabditalysis and achieved steady
motion at very low velocities using proportional derivati(PD) control [155]. Using a
nonlinear observer based on Dahl model, Kelly et al. propp@asemooth adaptive viscous
friction compensator, and its control performance wasitated on a direct-drive servo
motor [156]. Based on dynamic friction model, Lee et al. preed a method to utilize
a PD control structure and an adaptive estimation of theidncforce to improve the
tracking performance of the motion control system [157].

In the application of pneumatic cylinders, because of thedrn® overcome the

91



Constant Velocity Motion Generator 1-DOF Prototype Device

Mot Lead Screw
Ty Encoder Assembly

Encodei Cylinder

\Force Sensor Sli?jler

Linear Bearing Guiding Rods

Figure 3.6: Experimental setup for the friction force measwent of the
1-DOF prototype device

friction or breakaway force between the piston seal and yheder barrel, erratic initial
motion and stick-slip behavior can be resulted, which cagrieatly affect the system
performance at low speed or in stop-start applications][1E0r the 1-DOF prototype
device implemented in Section 3.2, the friction force is imagligible and keeps the
device from moving smoothly, and hence is studied and mddal¢his subsection. To
measure the friction force observed on this device, an @xjeet has been conducted
using a constant velocity motion generating device, dgerdy Lister et al. [158]. The
device and the experimental setup is shown in Figure 3.6.

The constant velocity generating device is attached tolitiersof the 1-DOF pro-
totype device via a force sensor, so that the friction forae be collected. Using an
electrical motor along with a lead screw assembly and alibearing, this device can
generate constant velocity motion along the horizontaaion. The velocity control of
the device is based on position control; as the commandediteincreases, the perfor-
mance of its position controller deteriorates, causingllsov@rshoots and oscillations.

Such unstable behavior can be attributed to the frictioogf@n the 1-DOF prototype de-
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vice, since friction is known to affect the system stabitdysome extent. Therefore, only
friction force data a0:254, 0:508 1:27, and2:54 mm=s along both moving directions has
been collected, as shown in Figure 3.7.

As observed in Figure 3.7, the friction force increases kjyiat one end of the
stroke compared to the relatively small friction force at ttenter part. This is likely
due to the misalignment of the guiding rods and its resuledging effect. Also worth
noting is that the trend of the friction force at differentaaties is quite similar, and that
the magnitude of the friction force (disregard of its diren) decreases as the velocity
increases. This suggests that the static friction exhdbitehis 1-DOF prototype device
could be signi cantly higher than that when the device is iotion. This makes the
system more likely to be unstable when precise positioniegacy is desired and hence
should be treated with care. To model such friction phenangBtribeck friction has
been used to characterize the friction force transientvatiglocities continuously. This
approach avoids the discontinuity caused by the simplédriccombination model that
only consists of static friction, coulomb friction, and emus friction. Limited by the
available experimental apparatus to capture other figiitenomena such as Dahl effect,
rising static friction, and frictional memory, the follomg friction model is nally chosen

to approximate the observed friction force:

F; = 1:8sgnk) + 2 :5x + 0:8e 004 ggn() (3.11)

The rst term uses the signum functiagn() to represent the coulomb friction while the

proportional term corresponds to the viscous friction. €gonential term characterizes
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Figure 3.7: Measured friction force data for the 1-DOF ptgpe device




the Stribeck friction and dominates mainly in the low-vétpecegion. The parameters
used in (3.11) are rough estimates and serve primarily atajuee descriptions. The
rationale is that this friction model is intended to captilme structure of the friction force
and will be used in simulation to verify the effectivenessh controllers. Hence, it is
not necessarily accurate enough to be used as a feed-foomardensation term. The
discrepancy should be either accounted for by the contnall®istness or cancelled with

an adaptive term.

3.4 Design of the Pneumatic Controller

The controller design of the pneumatic actuation systeraset on the pneumatic model
developed in Section 3.3. The complete model of the pnegragsitem can be described
by (3.1), (3.5), and (3.10), and hence is a fourth-orderesystSince there is no MRI-
compatible pressure sensor that can be placed inside théobtB] the cylinder chamber
pressure information will be unavailable to the controllBnerefore, it is not feasible to
improve the pressure response of the valve-transmissierslibsystem using feedback,
not to mention the application of complicated control apyatees that require full system
state information. The velocity information will be deddciom the cylinder position
that is measured by the optical encoder and transmittedebgtitelded signal cable, and
the controller will use both the position and the velocitgtmnpute the valve commanded
input, as shown in Figure 3.8. The SMC technique is appligtisisection to design the
controller block shown in the control diagram. The goal is to designsiers that could

move the slider slowly, since the targeting applicatioroigsert a needle in a slow and
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Figure 3.8: Control diagram of the pneumatic system. Reéfram [2],
c IEEE.

controlled manner. This mitigates the challenges of udiegrélatively slow responded
valve-transmission line with time delay, and hence, theestansmission line dynamics
is intentionally neglected and treated as system distadgamhich is to be accounted for
by the robustness of the SMC controllers.

The main objective of the controller is to overcome the imae of friction with
slow actuators. The friction exhibited in this 1-DOF prgtm device is of a complicated
form and varies along the guiding rods; hence, it is treatedrauncertain term in the
system, and such uncertainty will be tolerated by robustrotiars to achieve reasonable
performance. The sliding mode control approach, with theaathge of being robust to
uncertainties, is adopted accordingly, and is used to desigtrollers without consid-
ering the valve-transmission line dynamics. The omissiahe valve-transmission line
dynamics reduces the system model to a second-order syasedescribed by (3.10).
This would simplify the controller design process and eadhk direct cancellation of
the friction term. Attempt has also been made to design aaagontrollers that estimate
and cancel the friction force; the designed adaptive ctiatsyp however, are prone to

overestimating the friction force due to its spatial vadatand would lead to an unstable
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system, and hence are abandoned.

The core of a SMC controller implementation is to design diistj surface that
characterizes the desired system dynamics disregard t@nsyscertainties. Then, the
control output can be derived accordingly to drive the sysgtates onto the designed
sliding surface and maintain the desired system dynamidb®surface with the pres-
ence of system uncertainties. To start the controller desigl simplify the control law
derivation, the system equilibrium point should be shifiredin its desired system states,
(xq; 0), to the origin. Take position errgg = Xq X and substitute it into the system
model described by (3.10), the system model can be rewiittédme form of state space

expression as:

|
1
<

(3.12)

1
V=T [(A1+ Az)u+ Fy] (3.13)
and SMC controllers based on this model will be derived inftilewing subsections.

3.4.1 SMC-I

To achieve a slow system response without overshoot, ttheglsurface can be designed
ass = e+ av = 0, and the system dynamics governed by this sliding surfacdeale-
scribed ae = ée, independent of system uncertainties. By choosing a pestiding
surface parameter, i.e, > 0, the system is asymptotically stable with the equilibrium
point ate = 0, e = 0, and the convergence rate of the system can be controllekeby t

choice of paramete.
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To determine the control law that drives the system statés thie sliding surface

and maintains them there, the derivativesa$ taken as:
a
s=e+ar= v+ o [(Ac+ AJur Fi] (3.14)

Note that the friction forcé~; , though depending on the positian velocity v, or even
timet, is a physical quantity and is upper bounded. Also note tieatdrget system with
appropriate control will be stable, which means the vejoeiis upper bounded. Hence,

the following inequality holds:

Mv + aF¢

alAL T Ay f(e;V); 8(e:Vv) 2 R? (3.15)

. , 1 : .
for some know functiorf (e; v). With V = és2 as a Lyapunov function candidate

for (3.14), its derivative can be written as:

I a a(AL+ Ap)
VL=ss=5s v+ M Fe + v su (3.16)
Mjsjf (e; V) + Msu (3.17)
M M
Taking
u= (e; v)sgn(s) (3.18)
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where (e;v) f(e;v)+ gand o> 0, with

8
% 1 s>0
sgn(s)=§ 0 s=0 (3.19)
. 1; s<O0
yields
v Aoy AT A eys s o) (3.20)
- w s (3.21)

Thus,W = 2V = jsj satis es the differential inequality

D*W a(AL+ Az) o (3.22)
M
and the comparison lemma shows that
a(A;+ A
wist) wse) A (3.23)

Thus, the system states reach the sliding surfase0 in nite time and, once on the
sliding surface, they will stay on it, as seen from (3.21).isTénsures the stability of
the system. Letting , (e; v) be the upper bound of(e; v), the control law can be
further simpliedto:u= ;sgn(s).

The control law developed by SMC technique is known to indcicattering due
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to the imperfections in switching devices and delays, anthig application, the slow
response of the valve-transmission line. To address tloilsl@m, the signum function
sgn() is replaced by the saturation functi@at( ), de ned as:

8

2 y; if jyj 1

sat(y) = (3.24)
sgnfy); if jyj>1

and the control law is given by:

e+ av

u-= 1sat

(3.25)

where" is a positive constant that determines the thickness of denyriayerfjsj "g
for the sliding surface. This turns out to be a PD controlléhwaturation. The conver-
gence rate of the system can be controlled by appropriatelgsinga, which in effect
limits the maximum speed of the needle, and the system posaticuracy is determined
by } which is effectively the proportional gain of the PD conipace the system states
reached and remained within the boundary Idysy "g. The saturation amplitude,
should be chosen large enough to ensure system stabiligr wrgtertainties, e.g., the
friction force; but it should not be too large, because thams law is more vulnerable to
slow valve-transmission line response and a large amglitidhe switching component

can easily lead to system instability.
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3.4.2 SMC-lI

As mentioned in Section 3.4.1, large saturation amplituatelarge amplitude of the
switching component makes the system more vulnerable vo\&éve-transmission line
response and should be avoided. In the design of SMC-I, theasimn amplitude is taken
as the upper bound of(e; v), and that is a conservative estimate. Experimental obser-
vation shows that the dynamic friction force is signi canmaller than the static one.
Hence, the following saturation amplitude de nition canumed to improve the system
stability: 8
2 N v
1= 5 - (3.26)
3 IVl > Vo

where0< ;< .

3.4.3 SMC-llI

To improve system stability, the saturation amplitude dan bhe reduced by dividing the
control output into continuous and switching componengkiig

o_ F M

+ U 3.27
A+ A; aA+ Ay (3.27)

whereF = F.sgn{v) is an estimated friction force term and is of the form of couito
friction with force amplitudd-. smaller than the minimum of the absolute value of the

friction force observed. Now, the derivative of the slidsgface becomes:

s= 2 [(Au+ AU +(F F)] (3.28)
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and the upper bound ¢fF;  Fo)=(A1+ Az)j= 2< 1. Inconsequence, the modied

sliding mode control law can be written as:

F M X+ av
0_ 0
= \Y} sat ———— 3.29
A+ Ay a(Ar+ A ! ( )

3.5 Experimental Evaluation of the SMC Controllers

All three SMC controllers designed in Section 3.4 gave goadigpmance in simulation.
To test the robustness of the controllers in real system aaldi@e their control perfor-
mance, experiments were conducted on the 1-DOF prototyyieadenplemented. All
three SMC controllers were tuned with trial and error to actdor the parameter dis-
crepancies between the simulation model and the actuatreysind reasonably good
dynamic response to step input were achieved for all cdatsglas shown in Figure 3.9.

Though better accuracy could be obtained by ne-tuning tammeters, a posi-
tioning accuracy of onlyL mm was achieved nally, since the position resolution of the
MR images was in the order dfmm. Such positioning accuracy also helped to ensure
the system stability by requiring lower controller gainfieTsaturation amplitudes of the
SMC controllers were also chosen carefully, such that theimrmam acceleration of the
slider, or equivalently the needle, was limited and theeslidould move slowly enough
for the actuator of valve-transmission line to respond.

A same protocol was used to evaluate the performance of eatthoder. The 1-
DOF prototype device started @tposition, and its desired position was then set to be

254,508, 76:2, 1016 mm, in order. That was followed by the desired position$aB,
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Figure 3.9: Experimental evaluation results of all threeGSkbntrollers

designed in Section 3.4. The commands given to all those
controllers were similar, i.e., started frobrposition t025:4,
508, 76:2, 1022 mm, and back ta50:8 and 0. Additional

1 mm amplitude step signals were commanded at abéid

to each controller and zoom-in plots were shown in respec-
tive sub- gures. This showed that motion could be initiated
for such small step input and the desired position would be
reached withirl mmaccuracy. Reprint from [2]c IEEE.
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and0 mm. Those commands tested the control performance in the faa®n range.
Prior to the nal0 mm position command, a small step command with amplitude of onl
1 mm was sent after the device settled around588 mm location. That was to test if
the desired mm positioning resolution could be achieved.

As is shown in Figure 3.9, the step response curves diffdighdtly for different
desired positions, despite that the distances traveled thersame. For example, the step
response shown in Figure 3.9(a) exhibited a small overshbeh commanded froidto
254 mmwhile two and three cycles of oscillation existed for thgossponse when com-
manded from25.4 mmto 50:8 mmand from50:8 mmto 76:2 mm, respectively. The step
response fronY6:2 mm to 101:6 mm even approached to ti€®16 mm position slowly
without overshoot. Such a phenomenon was caused by thenpeesEnon-uniform fric-
tion force along the guiding rods. As shown in Section 3.8, friction force at one
end of the guiding rods was higher than the other. Betweepdalk#&ion at50.8 mm and
76:2 mm the friction was relatively low and hence the system movedkiy and expe-
rienced oscillations. Around016 mm the friction was higher, and the device moved
slower and the overshoot was hence avoided. Those diffelygramic responses (in
the sense of overshoots and oscillations) showed the mdssof the SMC controllers
against uncertainties, and all three controllers rendstalole and accurate position con-
trol over varying friction force / external disturbance.

It was notable from Figure 3.9 that stick-slip behavior wasspnt in the result
curves, which was consistent with the simulation resultsoAbserved were oscillations
with small amplitudes at the desired locations and that weestd the SMC controllers

behaving as stiff PD controllers when the system statesémched the boundary layers.
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The observed peak-to-peak amplitudes of the oscillatidos { settlement at the desired
locations, however, were small enough (less tB&mm for SMC-1, and5 mm for both
SMC-II and SMC-IIl) and hence were acceptable.

The experiment conducted showed that the system couldvachipositioning ac-
curacy of less thah mm, and SMC-I performed best among all three controllers in the
sense that it gave more uniform step response with smallplitaiche oscillation, which

could be a result of parameter tuning.

3.6 MRI-Compatibility Evaluation of the 1-DOF Prototype \Dee

To verify the MRI-compatibility of the 1-DOF prototype dee and its pneumatic ac-
tuation and to show the feasibility of accurate pneumattoaon on MRI-compatible
devices inside the MRI environment, a MRI test has been oaedwsing a Siemerg&T
Tim Trio MR scanner (Siemens Medical Solutions; Malvern) BAd the experimental
setup is shown in the top image of Figure 3.1.

The 1-DOF prototype device was rst put into the MRI bore amtuated without
performing MR imaging scans. This was followed by actuating device with MR
imaging performed during part of the actuation process. diamiical step response as
shown in Figure 3.9 was con rmed and no in uence on the pearfance of the pneumatic
actuation system due to the MRI environment was observeds Sitowed that good
pneumatic actuation was feasible on MRI-compatible devigighout being affected by
the strong magnetic elds as well as the varying eld genedadiuring scanning.

A phantom test was then conducted to show that the devicetapthéumatic ac-
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tuation would not affect the quality of the MR images. Thisttalso veri ed the system
positioning accuracy with the MR images. The phantom useslavhomemade phan-
tom jelly, and it consisted of a mixture @00 mlboiling water with7:2 g gelatin powder
(Knox gelatin, Kraft Foods Global Inc.). It was imaged usaify -weighted gradient echo
acquisition withTg=Tg = 2:73=240ms ip angle = 90 , bandwidth= 300 Hz=pixel,
Fov = 120 120mm matrix = 256 256 and slice thicknesss 3mm to get
the high-resolution static images shown in Figure 3.10(Bjgure 3.10(c), and &;-
weighted gradient echo acquisition willk=Tg = 1:63=17712ms ip angle = 90 ,
bandwidth = 300 Hz=pixel, FoV = 120 120mm matrix = 128 128 and slice
thickness= 3mm to get a low-resolution image with short scanning time fonatyic
imaging (5 frames per second), as shown in Figure 3.10(d).

No distortion due either to the 1-DOF prototype device orgheumatic actuation
was observed in the MR images acquired. Near the RFA negdledll images presented
some blobs, which were resulted from the multiple sharp legtgas inside the RFA nee-
dle, since sharp edges could disturb the surrounding miagekt and create artifacts in
the MR images.

To further quantify the effect of the pneumatic system as@dtuation on the MR
image quality, SNR values were computed on the original DMO@ages and the ROIs
used for this calculation were indicated on the images vatiiangles, as shown in Fig-
ure 3.10. The calculated SNRs were summarized in Table 3ili. Sght SNR variation
could be observed among the three high-resolution imagaie their SNR values were
signi cantly lower than that of the low-resolution imageastn in Figure 3.10(d), due to

their high image resolution in the same eld of view as wellthe difference in other
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Figure 3.10: MR images of phantom to evaluate pneumatia#otuac-
curacy and MRI-compatibility. (a)—(c) are the high resolu-
tion static images while (d) is the low resolution dynamic

image. The rectangles indicate the ROIs used to calculate
the SNR for each image.

imaging parameters. Since the nal application would useNtR images to estimate the
position of the device, the low-resolution dynamic imageveh in Figure 3.10(d) further
explained the reason wHymm was chosen as the desired positioning resolution.

The MR images shown in Figure 3.10(a) - Figure 3.10(c) wekenavhen the

needle was at the initial position, ti&7 mm position, and thé5:4 mm position, re-
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Table 3.1: SNRs of the MR images with the 1-DOF prototype c®vi

Experimental Setup SNR Values
High-resolution image with needle at initial position 46.7
High-resolution image with needle &2:7 mm position 45.47
High-resolution image with needle 25:4 mm position 43.88
Low-resolution image with needle 26:4 mm position 132.52

spectively. As clearly seen in those images, the positioessured from the MR images
matched our desired positions closely. This demonstrdtatthe pneumatic actuation
along with its validating 1-DOF prototype device was fullyRMcompatible and could

position accurately as designed without any interferensele the MRI.

3.7 Pneumatic Control of the Cylinders of the Slave Robot

The work in the previous sections has shown that it is feadibluse pneumatic actua-
tion through long transmission lines to achieve MRI-coriipatactuation inside the MRI
bore. With the inverse kinematics derived in Section 2.6,lémgth of each cylinder, in-
cluding the three brass cylinders of the parallel mechamisththe two cable cylinders
of the X -Y stage, can be computed for any desired pose. Then, the cedhpylinder
lengths will be sent to respective pneumatic controllerédqgrm the accurate cylinder
position control, actuating the slave robot.

The feasibility study of the pneumatic actuation was doner dang transmission
lines using proportional pressure valves, so that the coated nonlinear ori ce mass
ow rate could be avoided and direct pressure command coelldsed. The proportional

pressure valves used, though with a nominal reaction tinessftharl0 ms took a much
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longer time to establish the desired pressure at the outptit phis was further affected
by the long and relative thick3(175 mmor 1=8" ID) transmission lines, which added up
to the cylinder chambers dead volume by several folds andteglin the response time of
the valve-transmission line in the order@1 sor higher. To mitigate such issue, thinner
transmission lines with:5875 mm(1=16 ) ID and 3/5 proportional mass ow rate valves
(Festo, MPYE-5-1/4-010-B) were used when the pneumaticadicn was applied to the
slave robot.

Due to the slave robot con guration, the brass cylindershefparallel mechanism
have very small loads of a few hundred grams, which is malmdynhass of the cylinder
piston rod, and the control law used is Pl control with modiiategration. Integration in
PID control can eliminate positioning error by offsettingd disturbance such as cylinder
stiction force, but at the risk of inducing overshoots oritinycles. To take advantage of
the merits of integration while avoiding its negative imppacmodi ed integration term
has been adopted, with which the position error will only fkegrated when it is larger
than0:5 mm and its derivative, i.e., the cylinder velocity, is lessriHamm=s. With a
modest P gain with respect to the friction force level, theximaim cylinder velocity
is limited so that the desired slow and smooth actuationmwittarge overshoot can be
ensured and a positioning accuracy0d mm is achieved. Experiments have been con-
ducted with step signals to verify the effectiveness of ttuatroller, and the response
curves of one of the brass cylinders are shown in Figure 3.11.

As shown in Figure 3.11(a), a step signal frd®mmmto 75 mmwas commanded
att = 5s, and the cylinder responded quickly as a result of the laaggrol output.

Such large control output was due to the P term when the posdtiror was large and
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Figure 3.11: Experimental result of a brass cylinder cdl@dowith a

mass ow rate valve through long pneumatic transmission

lines. Reprint from [2],c IEEE.

quick initial motion could also be attributed to the friatidorce drop after the stiction
force had been overcome. As the position error decreasedtotttrol output decreased
with its P component, and the cylinder was slowed down by tisdn force. Once the
velocity of the moving cylinder dropped to the pre-set valthe integration term kicked
in and maintained the control output while the position ewas decreasing, effectively
actuating the cylinder steadily towards the desired pmsivithout overshoot. To further

improve the smoothness of the cylinder motion, a refereragedtory was generated with
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2mnes? acceleration an®é mme=s maximum velocity and was used as the commanded
input of the modi ed PI controller. As expected, the cylindaoved smoothly with its
maximum velocity con ned, as shown in Figure 3.11(b). Thdirayer stood still for
about3 seconds after the reference trajectory initiated due tslhe pressure build-up
process along the long transmission lines. Then, it stadadove at almost the same
speed as the reference trajectory, and when it got near tddbieed position (about

5 mm), the modi ed integration term took effect and kept the oglér moving slowly and
steadily towards its nal destination (withi®t5 mm positioning error) while avoiding the
undesired overshoot.

Unlike brass cylinders, the cable cylinders of theY stage had to carry the par-
allel mechanism and the load on thalirection cable cylinder even reached usBtkg.
With such large payload, the friction force along these table cylinders increased sig-
ni cantly, mainly of the coulomb friction component. Hende control law used for
the cable cylinders was PD control with xed feed-forwar@tfion compensation. The
experimental result with step input signals were shown gufa 3.12.

As shown in Figure 3.12(a), a step signal fra82 mmto 210 mmwas commanded
to thex-direction cable cylinder @t= 3s. Smooth response with a small overshoot was
achieved after aboud:6 s reaction time, which was the time needed to establish high
enough pressures inside the cylinder chambers throughotige ttansmission lines to
overcome the large friction force. The controller easilhiaged thel mm positioning
accuracy thanks to the large payload. The response curvenaaded by a reference
trajectory generated witBO mm=s? acceleration an®0 mm=s maximum velocity was
also presented in Figure 3.12(b). Compared to the case urd-ig412(a), the cylinder
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Figure 3.12: Experimental result of thedirection cable cylinder con-
trolled with a mass ow rate valve through long pneumatic
transmission lines

started to respond after a longer pressure build-up prpsas= the position error were
smaller at the initial phase and resulted in a smaller cdatroutput. Then, the cylinder

accelerated and caught up with the reference trajectorytityoand nally reached its

desired position as expected.
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3.8 Summary

In this chapter, a MRI-compatible 1-DOF pneumatically atéa prototype device has
been implemented, based on which the feasibility of pneigraatuation with long trans-
mission lines inside the MRI has been studied. A model of tteumatic actuation system
has been established, and various SMC controllers havedesgmned, implemented, and
evaluated both inside and outside the MRI environment. Expntal results show that
reasonably good control performance of the pneumatic &ctuavith positioning error
of less tharl mmis attainable with SMC controllers inside the MRI withoufieting the
guality of the MR images. Controllers for the pneumatic mglérs of the slave robot are
then designed and implemented with good performance.

Followed by the MRI-compatible slave robot implementatand its pneumatic
actuation, work on the design and implementation of the emasbot will be discussed

in the next chapter, with which a teleoperation system cacobstructed.
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Chapter 4

Design and Development of the Master Robot

With the MRI-compatible slave robot implemented in Chafend its corresponding
pneumatic control strategy developed in Chapter 3, it isitda to perform breast biopsy
needle insertion inside the MRI scanner bore with contisuouaging guidance. How-
ever, the goal is not necessarily to replace the physiciam such task, but to provide
a means to assist the physician perform the needle insartae ef ciently and more

accurately [21]. The physician should stay inside the MRitod room watching the

MR images acquired in real-time and manipulate thereinldhesobot to perform breast
biopsy needle insertion procedures without the need of vergahe patient from the

MRI bore. In this way, the multiple iterations can be avoided the sampling error can
be minimized.

To manipulate the slave robot, the physician has to furmistdesired needle inser-
tion depth, needle tip position and needle orientation ¢osllave robot controller so that
each link variable can be solved. Even though that is an ateway, it is very unintuitive
to manipulate the slave robot in this manner, since the playshas to gure out those
numbers from the available MR images by random guessing Witliadversely lead to
a “trial and error” procedure that could require a long matagion time. It is also not
intuitive to have the needle-tissue interaction force edrng/ the ber-optic force sensor

be displayed as numbers to let the physician “feel” the fofdeerefore, it is necessary to
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develop a manipulation capability, through which the slenkgot can be manipulated as
if the physician is operating the slave robot directly and fegel physically the insertion
force exerted on the needle.

Such manipulation capability can be achieved with a mastgrcd that can act
as a high resolution input device. It can read the positioigntation and push/pull
commands from the physician while transmitting the ne¢idlaie interaction force cue
to the physician [13]. The haptic feedback interface immated in this way can also
enable the physician to feel the puncture force when thelegxhetrates various tissue
membranes. That can be very helpful cues for an experieniegsiqian to determine
where the needle tip is and whether the needle has beenedsetb the target tumor.
Knowledge of such force is not only important for the praatcphysician, but can also
facilitate physician to train and understand the needlgd interaction force, which is
one of the most dif cult aspects of surgery to master [49].

In this chapter, an intuitive master manipulator that skidine similar structure of
the slave robot is designed and implemented. It is haptidbfaek enabled and can be
used by the physician to control the slave robot inside thd btiRe. The details of the
manipulator design and implementation is presented in@edt1, and its kinematics is
described in Section 4.2. Section 4.3 discusses the cath@me of the master robot,

and summaries are made in Section 4.4.
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4.1 Design and Implementation of the Master Robot

Unlike the design of the slave robot that has to t in a limitgglhce and has to be ac-
tuated and sensed with MRI-compatible techniques, thegdemnd implementation of
the master robot is more exible with respect to the choicematerial, actuators, and
sensors. Nonetheless, the master robot is to be used by ys&igin to manipulate the
MRI-compatible slave robot implemented and perform thedlemsertion task in an in-
tuitive way. That means the manipulation of the master rabhould be similar if not
identical to the kinematic behavior of the slave robot. Idiidn, the information of the
needle-tissue interaction force exerted on the needlens bial to the physician when
inserting the needle into the tissue, and hence, should beted on the master robot
along the needle insertion direction. According to thespiirements, the master robot
has been designed and implemented as shown in Figure 4.hea@aD drawing of each
component is listed in Appendix B. It consists of a needleatrsubsystem and a parallel
mechanism subsystem, and these two subsystems corregspedtively to the two sub-
systems of the slave robot. They will help the physiciangrenfthe needle insertion task
and the needle orientation adjustment task intuitivelye idteoperation of th¥ -Y stage
of the slave robot can be achieved by directly using the kagbtor implementation sim-
plicity, since theX -Y stage aligns with the world coordinate with decoupled aainan

horizontal and vertical directions and is simple and imgito manipulate.
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4.1.1 Needle Driver of the Master Robot

The design objective for the needle driver subsystem of th&ten robot is to duplicate the
needle insertion and retraction motion while providing desired needle insertion depth
information to the needle driver of the slave robot and réragthe needle insertion force
measured by the force sensor of the slave robot to the phaysici

To achieve the needle insertion and retraction motion, la aad pinion structure
is adopted. It has two pinions (McMaster, 7880K26) withldrl252 mm(0:438 ) pitch
diameter that push the rack (Quality Transmission Compisn&sR0.8-300) against the
rack support along a machined slot, as shown in Figure 4.lerfsoder (US Digital, S4-
250-125-N-D) with250CPI resolution is attached to the pinion that locates at ek b
of the mobile platform and provides the position of the ramkequivalently, the needle
depth information with a resolution @035 mm

To provide the desired haptic feedback force to the physjdize needle driver is
actuated with en electrical motor (Sparkfun Electronic®BR08912) that attaches the
other pinion in front of the mobile platform. The electricabtor is driven by a motor
driver (Advanced Motion Controls, 25A8) and can providegta up to0:1836 N m
(26 0z incheg. That converts to ove80 N actuation force along the rack/needle inser-
tion direction and is suf cient to generate the measureddletssue interaction force.
When providing haptic feedback force, the electrical matails and the excessive heat
generated by such stall current could potentially burn tleom Therefore, the motor
driver has been tuned such that its output current limitighdlly lower than the rated

stall current of the motor. The generated force is measweddDOF commercial force
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sensor (JR3, 20E12A-125) that connects the rack and thdénauitth adaptors, and closed
loop control is used to ensure accurate force feedback.

The needle driver is attached to the mobile platform throtighrack support as
well as the brackets on which the electrical motor and the@acmount. A mock needle
is also manufactured and attached to the other side of the@amprove intuitiveness of

this needle driver.

4.1.2 Parallel Mechanism of the Master Robot

To ensure intuitive needle orientation adjusting operati® similar three-link parallel
mechanism is adopted for the master robot. However, the stdhot requires a compact
design to t into the limited space available inside the MRiré, and hence the same
small radius has been chosen for the mobile platform and déise platform, on which
the extensible links lie. Duplicating the parallel meclsamiof the slave robot for the
master robot will leave little space among the extensilpliesj making it dif cult for the
physician to operate. Therefore, the extensible links efrttaster robot are intentionally
attached to the base platform on a circle with larger radi@9,7 mm (5:5 ). This design
brings out suf cient room inside the structure for the pltyasn to place his hand and
manipulate the master robot. The circle radius on the mgiddorm of the master
robot, in contrast, is chosen to be identical to that of theestobot. This is to ensure that
the mobile platform of the master robot can translate albegt andyy directions in the
same coupled manner as that of the slave robot when the ne@eli¢ation is adjusted,

since it has been shown in (2.40) and (2.41) that such caygipendence is only on the
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circle radius of the mobile platfornm, but not on the circle radius of the base platform,
R.

To ensure the full workspace of the slave robot's paralletimag@ism is covered
by that of the master, th#01:6 mm (4') stroke brass cylinders have been used (Al-
lenair Brass Cylinder, C-7/8x4-BU-L-SZ), and their pawits are measured by sensing
membranes that measure up1ts0 mm (spectrasymbol, TSP-L-0150-103-1%-RH). To
facilitate solving for the orientation of the mock needletbe master robot and remove
the numerical iterating computation process describederti@ 2.6.2 in the case that
those orientation information should be commanded to theestobot, three rotary po-
tentiometric sensors (Novotechnik, PL300 10k0 AA130 FK9 iaccluded to measure the
rotation angles subtended between the extensible linksreniolase platform. Three cou-
plers (McMaster, 6208K22) are used to connect the rotargasrand the pins to which
the cylinders are xed to account for small misalignmentidgrassembly and ensure

accurate measurement of the rotation angles.

4.2 Kinematic Map of the Master Robot to the Slave Robot

With the similar kinematic structure as that of the slaveotpbhe kinematic analysis of
the master robot can be performed based on the result denv@édction 2.6. Having
identical circle radius on the mobile platform as that of skeeve robot, the schematic of
the parallel mechanism of the master robot overlaid with ¢fighe slave robot is shown
in Figure 4.2.

With the only difference of the extensible links being alttad to the base platform
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along circles of different radii, it is possible to map theemsible link variables of the
master robot to those of the slave robot directly. That caidathe complicated and time-
consuming computation of the forward kinematics of the mrasibot and the inverse
kinematics of the slave robot. Since the spherical joinesarenly spaced along the
circles on their respective mobile platforms and thosdesrare of the same radius, it is
shownin (2.40) and (2.41) that the two parallel mechanisofidcshare a same kinematic
behavior relative to their base platforms. Assuming thatithse platforms coincide with
each other and share the same base coordinate, as shownrie &ig, the corresponding
revolute jointsR; andR? (i = 1, 2, 3) are at a xed distance (R) away,and R= R r.
When the mobile platforms of the master robot and the slavetrachieve a same spatial
position and orientation, the two mobile platforms will soide with each other. Hence,
the corresponding spherical joints will also coincide wetich other a§; (i = 1, 2, 3).
Therefore, the point o8;, R;, andR?on link i form a triangle. By measuring the lengths
of the extensible link on the master robbf,(i = 1, 2, 3), and the corresponding angles
i (i=1,2,3), the lengths of the extensible links on the slave robp{j =1, 2, 3), can

be computed using the cosine rule as:

q
Li(L% )= L%+ R2 2L% Rcos; (4.1)

Note that both parallel mechanisms attach their exten8iiks via revolute joints,
which restricts the motion of the extensible links in thetioad plane about the base
platform. Hence, the angle that subtends betwedfS; and the base platforiRIRORI

is essentially the same rotation angle of linknd thus can be easily measured by the

122



corresponding rotary sensor.

4.3 Control of the Master Robot

The master robot is designed to be actuated only for its eaadertion DOF to re ect
the needle-tissue interaction force. For the parallel rapigm that is mainly used as
a interface to adjust the needle orientation while the stab®t is not contacting with
its surrounding environment, only simple control strategg been implemented for the
cylinders so that the parallel mechanism can be locked icepés needed to help the
physician perform the needle insertion task.

The locking of the brass cylinders of the parallel mechanssachieved by pressur-
izing chambers at both sides of the cylinders before clogieg connection ports. Two
pressure valves (Hoerbiger, Tecno plus, PS120100-08p#r86used to change the air
pressures inside the cylinder chambers in groups of thieee the effective piston areas
on both sides are different. This is due to the presence ofyheder rod at only one
side of the cylinder, and different pressures have to beiegppd avoid generating any
net force. After the cylinder chambers are pressurized;tseck valves (Festo, HGL-1/8
NPT) are used to close the connecting port of each cylindemtler independently. By
opening all the check valves and setting the pressure valiputs at atmosphere pres-
sure, air can ow into and out of the cylinder chambers frealjowing the cylinders to
move easily. This would allow the physician to adjust thedie@rientation as needed.
Once such orientation adjustment is done and the physi@ady to perform the needle

insertion task, high pressure350 kPain chambers on one side of each cylinder) are set
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for the two pressure valves to pressurize the cylinder clemsnbThe check valves are
then closed to lock the cylinders in place. This will help igvthe involuntary needle
orientation change during the needle insertion phase deVveehe stress and fatigue
experienced by the physician.

The actuation of the needle driver employs P control for dotbhe and position
control so that different control modes are available féfledent operation phases: when
the physician is adjusting the needle orientation andligoséiparing for needle insertion,
position control can be activated to lock the needle in pkaoe prevent unintentional
needle insertion; when performing the needle insertiok, tds necessary to provide
the needle-tissue interaction force feedback to the ptaysiand hence the force control
is enabled. To improve the effectiveness of needle locking,force measured by the
force sensor is also used in the position control and feddaivio the electrical motor
to compensate the force exerted by the physician and retlecgdtic positioning error.

The control law is described as:

8

5 Kpx€ + KposF;  Position control
Umotor = (4-2)

-8 K pf € ; Force control
whereunmetor IS the electrical motor input voltage, ande; are the respective position
error and force error, and,, andK y; are the proportional gains for the position control
and the force control, respectively.is the force sensed by the master robot force sensor
along the needle insertion direction akg,s is the force compensation coef cient in the

position control.
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4.4 Summary

In this chapter, the design and implementation of the mastmt, which serves as a high
resolution input device and helps the physician maniputaeslave robot implemented
in Chapter 2, is presented. Kinematic analysis that mapmtster robot directly to the

slave robot has been carried out, and the control strataggyhémaster robot has been
discussed. The next chapter will discuss the integratiaghe@mMmaster robot and the slave

robot, as well as the control of the complete teleoperatysitesn.
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Chapter 5

Teleoperation Integration and the Graphic User Interfd¢beoSystem
Based on the MRI-compatible slave robot developed in Ch&@ptath appropriate pneu-
matic actuation technique through long pneumatic transionidines described in Chap-
ter 3 and the master robot implemented in Chapter 4, a telatguksurgical system could
be constructed that would enable the physician sitting éncibntrol room to manipulate
the MRI-compatible slave robot located inside the MRI baseng the master robot. In
this way, the physician could take advantage of the contislddR images acquired in
real-time and correct intuitively any needle positionimgpe shown in the images, using
the master robot.

The technique of teleoperation enables the manipulatiomeahatronic and robotic
devices at a distance. It greatly extends the sensing angulation capability of the
human operator and allows tasks under hazardous envirdribegrerformed while the
human operator operates the device at a safe place. Sheemawed the historical de-
velopment of teleoperation prior to the 1980s and envisidhe thriving of teleoperation
techniques in numerous elds [159]. Hollis et al. develoge@-DOF ne motion wrist
based on magnetically levitation [160]. Such wrist was timstialled on a conventional
manipulator to construct a teleoperation slave that woaldgplied in manipulation tasks
requiring high precision and ne compliant motion with ferce ection capability [161].

Salcudean et al. studied the impedance control and appled teleoperated mini exca-
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vator to improve the completion time and task quality [16R2ischer et al. applied tele-
operation technique in the medical eld and presented twiedint telerobotic devices
for use in CT-and/or MRI-guided high precision radiologirderventions [163]. Sitti
et al. proposed a teleoperated nano-scale touching systd#nmano-forces scaling and
such system would enable the study of nano-scale surfaogtaphy and contact [164].
Nguyen et al. presented a novel interface design for th&iveueleoperation of wheeled
and tracked vehicles [165]. Talasaz et al. incorporateditr@pabled teleoperation into
MIS tumor treatment to facilitate the physician to locate thmor with tissue instrumen-
tation force feel [166].

In this chapter, the teleoperation system that would erthlelphysician to perform
breast biopsy needle insertion in the hard-to-reach spasoea the MRI scanner bore will
be developed, based on the aforementioned devices andiastighniques. The system
integration of the master and slave robots is describedetid®e5.1; and the control strat-
egy of the teleoperation system is presented in SectionTh&.evaluation result of the
integrated system is shown in Section 5.3 and Section 5ciskes the implemented GUI

that facilitates the physician performing the task. Secfd summarizes this chapter.

5.1 Integration of the Master System

As mentioned in Chapter 4, the master robot is speciallygthesi to work with the MRI-
compatible slave robot implemented in Chapter 2. It provide intuitive means to the
physician to adjust the needle orientation, whose kinersasi unintuitive and is gov-

erned by the parallel mechanism of the slave robot. The tv&piabled master robot also
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enables the physician to feel the needle insertion forcéewta or she is advancing the
needle, and that is achieved by a fully actuated needlerdrinehis way, the physician

can control the needle orientation and insertion of theestabot remotely, by manipu-

lating the mock needle of the master robot.

The needle insertion/retraction can be done by pushindihguhe handle of the
master robot. Assisted by the electrical motor to overcdmeedevice friction force, the
rack slides smoothly and the needle depth information caméasured by the optical
encoder. That corresponds to the desired needle depthe@ldiie robot. To adjust the
needle orientation of the slave robot, the physician cangh#he orientation of the mock
needle on the master robot, and the link lengths of the mesitet change accordingly.
With a similar structure to that of the slave robot's padatteechanism subsystem, it is
shown in Section 4.2 that the desired link lengths of theestabot's parallel mechanism
can be easily related to the corresponding link lengthsehtaster robot. Hence, the link
lengths of the parallel mechanism at the slave robot sidbeammputed without solving
the complicated forward and inverse kinematics of the pelralechanisms. Therefore,
the con guration map of the master and the slave robots cacobgeniently reduced
to actuator level one-to-one map. The corresponding streaif the master robot to
the X -Y stage of the slave robot is intentionally omitted for imp&rtation to reduce
the complexity of the master robot, and keyboard input wellused to control th -Y
stage of the slave robot. This will not affect the intuitiveesation of the teleoperation
system, since th¥ -Y stage moves along theandy axes of the world coordinate and is
straightforward to adjust.

Based on the actuator level correlation described abowteageration system can
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be achieved. The master and the slave robot each has itsatElibAQ cards (Senso-
ray, Model 626) and control computer, and the communicati@nnel can be established
through the network communication between the two contsolguters. The master con-
trol computer collects the actuator level con gurationalaf the master robot as well as
accepting the commands for thke'Y stage from the keyboard and sends them to the slave
control computer, where simple computation is carried owget the commands for each
actuator of the slave robot. Then, the slave control comuatetrols its actuators moving
towards their commanded positions with the informatiornuaegl from the DAQ system.
In the meanwhile, this slave con guration information is\s& the master control com-
puter for data logging purpose as well as proper actuatidghefaster robot along the
needle insertion DOF for haptic force feedback.

The implemented slave robot and the master are thus inéeheat a teleoperated
surgical system, based on which the control strategy of &lebperation system can be

developed.

5.2 Control Strategy for the Teleoperation System

With the actuator level one-to-one map achieved, the cbattteme of the master-slave
teleoperation system, as shown in Figure 5.1, is proposled.ofly connection between
the master and the slave robot systems is the network coneation channel between the
master and the slave control computer, both of which resitles MRI control room. The
dashed lines indicate actuator level virtual connectimtal®@ished with the information

communicated through the network. With a fully actuateddteelriver in the master
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Figure 5.1: The control scheme of the master-slave teletiper sys-
tem. The only connection between the master and the slave
robot systems is the network communication channel, and
the dashed lines indicate actuator level virtual connestio
established with the information communicated through net
work [97].

robot, bilateral control is implemented for the needle itisa DOF to help the physician
perform the needle insertion task with force feedback. FberoDOFs, only unilateral
control is implemented, since the parallel mechanism ofhtlaster robot cannot be fully
actuated, and the counterpart of the slave rob6t¥ stage is not present in the current
master robot implementation.

The two control computers of the master and the slave roledi@th equipped with
Intel® Core' i53:1 GHzCPU,4 GB memory, and Inteél Gigabit Network Adaptors are
used to establish the necessary network communicationghra dedicated local router.
Such network communication can potentially introduce toleéays and deteriorate the
control performance or even destroy the system stabilixyesive work has been done

to address this issue [167-177]. Anderson and Spong sttiggedtability in a force-
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re ecting bilateral teleoperation with substantial timelay, and the time delay was in the
order of magnitude 040 ms[167]. Niemeyer and Slotine pointed out the system stabilit
could be compromised if the total time delay would providereitan &0 phase shift
at the frequency of a rst-order system and utilized waveaalaes to develop adaptive
tracking controller for control of remote robotic systend§l. Tzafestas et al. applied an
adaptive impedance control scheme in a haptic teleoparsyistem to alleviate problems
associated with the presence of time delay ard20f@ms Xu et al. proposed two control
methods to address the bilateral control of a car-like gkngerover under communica-
tion delay up t®00 ms[175]. Looking at a representative “median” time delayp06fms
Lawrence studied the stability and transparency problentlateral teleoperation con-
trol, and believed that very small time delays such asswould cause little performance
degradation [177]. Hence, it is necessary to determineitie delay introduced by the
network communication.

To nd the range of the time delay presented in the currentesgsan experiment
was conducted as follows: A rst data packet was sent by tlgestontrol computer after
a hardware timer had been initiated, and as soon as it aratvéee master control com-
puter, a reply data packet was sent back. This reply packetivem replied by the slave
control computer with another data packet, and such seraidgeplying iteration would
be repeated until a preset number of iterations was readhbd alave control computer.
The total time spent for this process would be recorded aad tescompute the average
time delay of a single trip, with the assumption that the tisleéays of both directions
were of the same value. The data packets sent from both censpuére the exact same

ones used in actual communication, and a total @000 iterations were repeated for
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Table 5.1: Experimental result of the network communicatime delay

Average Single Trip Time Delay{s)
Test Number

UbP TCP
1 0.3946 0.1736
2 0.1863 0.3117
3 0.3165 0.2089
4 0.0786 0.4029
5 0.0723 0.0697
6 0.1685 0.1488
7 0.1872 0.1307
8 0.0605 0.0709
9 0.3644 0.3630
10 0.2134 0.3108

Average 0.2042 0.1203 0.2191 0.1205

each test. Ten tests had been performed with UDP and TCPcpist@spectively, and
the average single trip time delays are listed in Table 5.1.

The average time delays are computed t6:8¢91 0:1205 maunder TCP protocol
and0:2042 0:1203 msunder UDP protocol, and the highest time delay observed is no
more than0:5 ms These number are very small compared to the currently imghted
500 Hzsampling rate, not to mention the fact that the pressure walay along the
meters pneumatic transmission lines is in the ordetGns It also falls into the small
time delay category that cause little system performangeadiation as stated in [177].
Therefore, the time delay due to the network communicasameglected in the current

implementation.
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The UDP protocol is generally more suitable for real-timplagations under com-
plicated and unreliable network environment since drogmackets is preferable over
waiting for delayed packets and smaller time delay is momgrdele in those applica-
tions. However, the smaller time delay compared to that um@ protocol is achieved
at the cost of no guarantee of delivery, ordering, or packelidation. The communi-
cation between the master and the slave robot control cargdescribed here is im-
plemented through a dedicated local router and the timeydelder UDP protocol only
shows marginal improvement compared to that under TCP @obtcAlso considering
that the communication of the teleoperation system indwl#ga packets carrying special
command for operation mode switching, TCP protocol is chdeeits implementation
simplicity and reliability.

With such a teleoperation system, the physician can maatipiwhe master robot
to rst adjust the needle orientation and actuate X stage with a keyboard so that
the needle is pointing along the desired orientation at gpFapriate incision point. It
is worth noting that the rotation center of the needle ishegibn the needle tip nor on
the mobile platform of the parallel mechanism, and the pmsibf the needle tip as well
as the center point of the mobile platform will change as alted the needle orienta-
tion change, as shown in Section 2.6. To ensure an intuipeeation, the physician can
optionally con gure the control computers to automatigalalculate the offsets and ap-
ply them to theX -Y stage as well as the needle driver such that the needle tipgmos
is maintained. After the needle is adjusted to the right gumation in the positioning
mode, the physician can lock up other DOFs except the neesietion one and perform
the needle insertion task in the insertion mode. Such separaf the “positioning” and
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“insertion” modes could be an advantage since it gives esdfaty on the overall sys-
tem [21]. During the process of needle insertion, the phgsican also switch back to
the positioning mode and readjust the needle orientatiareaded, though such adjust-
ment is not encouraged since the steering o8 gauge 4:191 mmin diameter) needle

can cause excessive damage to the surrounding tissue.

5.3 Experimental Evaluation of the Teleoperation System

An experiment has been conducted to evaluate the teleapepability of the inte-
grated teleoperated surgical system by manipulating tretenand adjusting the needle
orientation arbitrarily, and the commanded curves sengdatidomaster robot as well as
the response curves measured at the slave robot are showgune 5.2. The response
curves of theX -Y stage of the slave robot are omitted here since their comshared
formed with the keyboard of the master control computer,taedime delay experienced
in the network communication is negligible compared to tlevgesponse of the cable
cylinder shown in Figure 3.12. This effectively implemeatdirect control of thex -Y
stage, and same response as shown in Figure 3.12 shoulddostexkp

The response curves of the slave robot shown in Figure 5.tharactual response
curves of the brass cylinders of the parallel mechanismlenthe curves of the master
robot are computed using (4.1) and are the commanded inmutse slave robot. As can
be seen from the plots, the slave robot is able to follow theteraobot's con guration
with its pneumatic controllers and reasonable performameehieved. Tracking errors

can be observed in the response curves, and the error coudtaltigely large when fast
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Figure 5.2: Experimental result of the teleoperation systender free
manipulation for needle orientation [97].

varying commands with small change in amplitude are semt fitte master robot. This
is due to the combination of the slow dynamic response of treimatic controller and
the nonlinear stiction friction force of the cylinders. Hewver, such tracking performance
might be bene cial in removing jerky motion at the masterabbin general, the slave
robot is able to settle at the desired con guration aftediad the master robot for several

seconds and is able to follow the master robot's con guratio
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Figure 5.3: Experimental result of the teleoperation systender free

manipulation for needle insertion [97].

A needle insertion task has also been performed on a pieceanf {expanded

polystyrene (EPS)). The needle used in this test is a custal@igauge aluminum needle

and the resultant curves are shown in Figure 5.3. The slaeetion depth is scaled down

by a factor of4 since precise insertion depth is desired. This also maj#ie issue that

the needle driver of the slave robot has a limited insertpmes, while tracking errors are

still present during the process, as shown in Figure 5.3@gnhance the feedback force

feeling during needle insertion, the force is scaled up ackor of4, and the noisy force

data matches well in Figure 5.3(b).

These two experiments demonstrated the successful ititagend control of the

master and the slave robots to achieve the teleoperatedaisgstem.
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5.4 Development of the GUI

The master robot provides an intuitive means for the phgsitth operate the slave robot;
yet it is necessary to develop an appropriate graphicaliosenface (GUI) for the tele-
operation system, since the master robot does not duptivataotion of the slave robot
and it is bene cial for the physician to be able to visualihe ton guration of the slave
robot.

A GUI program has been developed under the Qt framework, aulegenshot of

this program is shown in Figure 5.4. The dialog interfacevgéd into three areas:

The Graphical Display area: The CAD model of the slave robalisplayed here
using Open Graphics Library (OpenGL). The con gurationlod CAD model are
determined either from the widgets in the Command Input,asedy the actual
master robot con guration when network connection has lestablished between

the master control PC and this program.

The Command Input area: The widgets that can take input togehthe behaviour
of the program or the display of the slave CAD model are gathdrere. The
inputs implemented in the current version include the viempand view position
parameters of the graphical display, the actuator paramet¢he slave robot, and

the button to establish network connection with the masiatrol PC.

The System Prompt area: The output messages that indieagtatus of the pro-

gram can be display here. Those messages are mainly forgiebymurposes.

The primary function of this program is to display the CAD nebdf the slave robot
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with con guration commanded by the master robot and pravideuitive visual feedback
to the physician. This program is designed to be able to adrtoeboth the master and
the slave control PCs. When it is connected only to the slaméral PC, the slave robot
can also be controlled using this GUI program. If both theesland the master control
PCs are connected, this program displays the con guratidheoslave robot in real-time
for monitoring purpose only, and the slave robot is congialising the master robot.

Potentially, this GUI can also display the target lesiorhwtite surrounding tissue
according to the MR images acquired, along with the CAD mofithe slave robot using
the con guration information acquired from the slave rosensors. This can give the
physician a better understanding of the relative positiothe slave robot and its needle
with respect to the target location. This program can alg@ement the feature that per-
forms online simulation for the slave robot according to ith&tantaneous commanded
con guration sent from the master robot. By superpositiooth the simulated and the
instantaneous con guration of the slave robot can be dyguaogether to compensate
for the slow response of the slave robot due to its pneumetti@éon through long trans-
mission lines, as suggested in [159]. Complicated kinesaatomputation can also be
implemented such that the needle orientation change caoree ) rotating the needle
about any designated spatial point including the incisioim{

The features mentioned above are the possible ways of tadagntage of this
GUI. Along with the interface developed for the MRI scannbis program can be very

helpful to apply the teleoperation system in clinical apaiions.
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5.5 Summary

In this chapter the integration of the master robot and theestobot into a teleopera-
tion system is presented, with which breast biopsy insideMRI bore can be performed
by manipulating it remotely from inside the control room. eTbontrol strategy of the
teleoperation system has been discussed, and the expaireealuation shows that the
teleoperation system is operational with reasonable dynperformance. A GUI pro-

gram is then developed and can provide an intuitive viswadlback to the physician on
the real-time con guration of the slave robot. Various pbaties to take advantage of
the developed GUI program have also been presented in thgteh Further experi-
mental evaluation on the integrated master-slave surgicbm will be present in the

following chapter.
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Chapter 6

Experimental Evaluation of the Master-Slave System

In the previous chapters, evaluation tests have been ctedlon different aspects of
the teleoperated master-slave surgical system. The MRpatibility examination of the
slave robot has been performed in Chapter 2 and its pneuatitiation via long trans-
mission lines is presented in Chapter 3. In Chapter 5 thepelation system has been
integrated and its function validation test has been chwig. Yet, further experiments
on the complete teleoperation system needs to be execuesdlimte its overall perfor-
mance.

To be able to perform thex vivophantom targeting test and thevivo live ani-
mal targeting test, minor modi cations on the needle drigéthe slave robot has to be
preformed. This chapter presents such modi cations as agelhe detailed results of the
aforementioned experiments and is organized as follows: rmibdi cation of the slave
robot and the MRI-compatibility study of the surgical systender dynamic MR imaging
sequence are discussed in Section 6.1. Section 6.2 coeersdhit of theex vivophan-
tom targeting experiment while Section 6.3 presents tha@tre§thein vivo live animal

experiment. Summaries are presented in Section 6.4.
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6.1 MRI-Compatibility Evaluation under Dynamic MR Imaging

As shown in the MRI-compatibility evaluation result in Seat2.5, the slave robot does
not induce any visually detectable artifact on the MR imagdence, the position and
orientation of the needle is unavailable from the MR imag&sr po its insertion into the
target (tissue). Without such imaging feedback during ttigai phase of needle inser-
tion, it has been con rmed in actual prostate brachythem@pgedures that the necessary
correction of needle insertion position and/or orientattould be delayed [95]. To ac-
quire those information independent of the robotic deviRea et al. proposed to apply
passive microcoil ducials on the device to generate actdan the MR images, so that
the position information can be retrieved by real-time MRaga processing [178]. In
our implementation, the active MR tracking sensor, calladdScouf sensor, has been
adopted.

The EndoScolt sensor consists of three orthogonal coils. Specializedigmna
pulses are embedded into the imaging pulse sequence, andlthge from these pulses
is captured by these coils and digitized at a rat2@Hzand converted to determine the
location and orientation of the sensor [179-181]. The sgnsaonjunction with the
pulse sequence, is pre-calibrated using a special gricspiats the entire diameter and
the length of the MRI scanner bore and converts the signapatal location within the
MRI machine. The induced voltages in the sensor during dateare then compared by
an optimization algorithm to a previously determined maghef eld space to determine
the tracking position and orientation of the sensor.

To mount the sensor onto the slave robot and to ensure itepfopction, the nee-
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dle driver implementation as well as the needle has been athais shown in Figure 6.1.

Three modi cations have been made in this implementation:

1. The xing tube has been redesigned to mount the EndoScsensor;

2. The xture has been replaced with a plastic version tocwdeiteriorating the track-

ing accuracy of the EndoScdusensor;

3. The customizeflgauge aluminum needle is replaced by a needle that is custdmi
from a 12 gauge high eld MRI coaxial needle (Invivo, 9896 032 0649&j fm-

proved quality of MR images and good penetration capability

After those modi cations, MRI test is performed on the slaebot to verify its
MRI-compatibility under dynamic imaging and its impact tve tMR image quality. The
experimental setup is shown in Figure 6.2 with the slave rqbaced inside the MRI
bore.

Testing is performed using &T Tim Trio MR scanner (Siemens Medical Solu-
tions; Malvern, PA) with a breast coil and the phantom usethisken breast purchased
at the local supermarket. Dynamic imaging is used for r@adtmonitoring of the nee-
dle insertion and the imaging sequence used is a rapid grtagltho sequence (FLASH
sequencelg=Tg = 1:5=4:1 8ms ip angle = 10 , bandwidth= 1302 Hz=pixel,
FoV = 300 300mm matrix = 192 192 slice thickness= 3mm). The dynamic
MR images are acquired under various scenarios througheyrbcedure of performing
a needle insertion task, namely: a) when only the phantomeisent in the MRI bore; b)
when the robot is put in the MRI bore without any power; c¢) wihiea robot is powered
on and holding its position; d) when the robot is actuatedt®ypneumatic actuators to
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EndoScout® Sensor Fixture Needle\Base
Needle Adaptor

Ceramic Bearings
Fleng Tube Attaches to Flexible

®
Modified Biopsy Needle Teflon™Rod

(a) The CAD drawing of the modi ed needle driver

(b) The actual photo of the modi ed needle driver

Figure 6.1: The modi ed needle driver that can mount the Bt
MR sensor

adjust the needle insertion position and orientation; e@mthe piezo motor is actuated
to perform needle insertion; f) when the robot is retractimgneedle; g) when the needle
is fully retracted from the phantom; and h) when the robotawgred off at the end of
the procedure. All images can be clearly depicted with naallg-detectable distortion

or difference, as shown in Figure 6.3.

144



MRI Breast Coil
Fixing Tube

Phantom

T~

Slave Robot

EndoScout® Sensor

Force Sensor

Figure 6.2: Experimental setup for the MRI-compatibilityaiation in
the MRI

Table 6.1: SNRs of the dynamic MR images under various stesnarth
ROIs de ned in Figure 6.3

Scenarios Dynamic Image SNR

a 1885 0:32
b 1880 0:34
c 1845 0:36
d 1831 0:32
e 1878 0:34
f 1854 0:29
g 1963 0:38
h 1961 014

The SNR values in Table 6.1 and the SNR curves in Figure 6.4 slomsistent

SNR change. When the robot is placed inside the MRI bore agilelgl SNR drop can be
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(a) MR image with phantom only; (b) MR image with robot powered off;

(c) MR image with robot powered on;  (d) MR image with robot targeting with pneu-
matic actuation;

Figure 6.3: Dynamic MR images under various scenarios tiirout a
needle insertion task. (continued)

observed. Powering on the robot and actuating the robotrpatcally also lead to SNR
losses that are small enough to be neglected. The SNR vallggure 6.4(e), (g) and
(h) are slightly higher than those of the other ve imagesatflis due to th& mm change

of slice position at which the MR images are taken in order &xethe needle in plane.

Throughout the complete procedure under different acnatonditions, the variation of
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(e) MR image with robot inserting needle wiff) MR image with robot retracting needle with
piezo actuation; piezo actuation;

(g) MR image with robot retracted needle from (h) MR image with robot powered off;
the phantom;

Figure 6.3: (continued) Dynamic MR images under varioushaages
throughout a needle insertion task.

the SNR values is less than 8% even with the spatial varigtiesent.

The acquired MR images and the SNR analysis show that the sdéot does not
induce signi cant image distortion which cause severe dédgtion in the image quality.
Hence, it can be safely operated inside the scanner withromlymal loss in SNR.

To further test the effect of the robot within the magnetitd evith respect to the
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Figure 6.4: The SNR curve of the dynamic MR images througllogit
MRI-compatibility test: the letters denote the aforemenéd
scenarios under which the dynamic images are acquired.

object being imaged, the eld homogeneity maps are gengraseng a large uniform
chicken breast and the distance of the slave robot to the BBing imaged are varied.
The distance of the slave robot measured from the xing tutib@needle driver towards
the imaging volume varies froB5cmto 5:5cm  Figure 6.5 shows the phase images
from the chicken breast and are re ective of the eld inhoreogity. As can be seen
from Figure 6.5 the eld is very uniform (with frequency stiéss than 10 part per million
(ppm)) when the slave robot is not on the table (top left image when the slave robot is
25 cmaway from the imaging slice. However, this uniformity istdibed at the periphery
of the phantom as the distance between the imaging volumtharsiiave robot decreases.
The eld inhomogeneities increase to as highd@sppm mainly at the periphery of the
phantom while preserving the homogeneity at the centeih St inhomogeneities have

the potential to induce error greater tammi into the tracking sensor.
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Figure 6.5: Phase images of the chicken breast with the sbéat at var-
ious distances from the phantom. Note that the base of the
slave robot is56:5 cm from the tip of the xing tube of the
robot. Field inhomogeneities increase as the distancedaetw
the slave robot and the imaging area of interest decreases.
Changes in eld homogeneity also affect the tracking accu-
racy of the EndoScolit
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6.2 Ex VivoTargeting Test under MR Guidance

Along with the experimental con rmation of the MRI-complaitity of the slave robot, ex-
periments have been performed multiple times using sanmpleisher the chicken breast
(three insertions) or a pig's thigh (four insertions) boughthe local supermarket that t
between the top and bottom part of a 4-channel breast coitkéis are placed into the
meat samples by placing4 0:7 15 mmplastic screws (three in the chicken breast and
four in the pig thigh sample) at various locations. The lagdip of the plastic screw is
considered the target and these targets are approachedhmabotic intervention from
different angles. To perform robot-assisted biopsy und&i §uidance, a series of high
resolution anatomical images are acquired and used toifig@ntarget location in three
orthogonal planesle=Tr = 2:46=440ms ip angle = 87 , matrix= 192 192 35
slice thickness= 3 mm, 0:78 mmin-plane resolution). From these images, along with
identifying the target point, the point of insertion is aldenti ed. Once the MRI coor-
dinates for the point of insertion are determined, the raddirected to that location in

a manner that the trajectory of the robot is in line with thénpof entry and the target
within the image. Throughout this process, the locatiorhef king tube is continuously
monitored from the EndoScotitsensor as shown in Figure 6.6.

Once the robot is in place, additional imaging is perfornmeddtermine the plane
of traversal for the needle towards the target using the dagteresolution imaging as
described above. Tracking is then performed using rapidignhecho sequence using 1-3
slices (FLASH sequenc&g=Tg = 1:5=4:1 8ms ip angle =10 , matrix=192 192

slice thicknesss 3 mm, 1:56 mmin-plane resolution) to ensure that the needle reaches

150



Target

Figure 6.6: Sagittal (top left), coronal (top right), andaaxXbottom) MR
images displaying the target in red circle within chick latea
The green oval shows the entry point where the robot is guided
to in a manner that it is directed towards the target as shown
in the coronal image.

its target. The result of the last trial insertion into thec&len breast to reach the target
point from the surface of the skin is shown in Figure 6.7.

As shown in Figure 6.7, the top left image presents the endubdthstic screw, the
tip of which serves as the target, as well as the entry pointhie robot. Advancement
of the needle is shown under continuous MRI imaging guidamd¢ke next few frames.
Image on the bottom left shows the needle reaching the tangetexcellent accuracy,
and further advancement of the needle tilts the target aarshy the blue arrows in

subsequent frames. The targeting error is consider@drag, and the time it takes from
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/Target
\ Needle Tip

N

Figure 6.7: Selected nine frames from continuous MRI as Heslle ap-
proaches the target. The Invivo MRI coaxial needle hits the
target directly in the bottom left image.

taking the registration MR images till the needle hit thgédiis approximately 21 minutes
in this trial.

Prior to the aforementioned needle insertion experimeaxtinsertion trials have
been performed in total. The rst four trials have been perfed on a pig's thigh mainly
to evaluate the targeting accuracy of the surgical systdmiewhe other two trials along
with the one described above have been performed on theerhlmleast to evaluate the
procedure time of the surgical system in addition to itséing) accuracy. The result of

each insertion is listed as follows:
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1. The experimental result of the rst trial insertion is shoin Figure 6.8. Fig-
ure 6.8(a) shows three representative frames from theraomis MR images mon-
itoring in the sagittal view as the needle approaches tigetathe left image shows
the target screw along with the needle at the entry pointpttuglle image shows
the needle touches the tip of the embedded screw; and thiemglye shows that
the screw has been pushed by the needle and tilts towardsrédwtiah of nee-
dle insertion. The axial MR image and the zoom-in sagittal MRge shown in
Figure 6.8(b) and (c) further con rm that the needle is in t@m with the target
screw. This demonstrates the accurate targeting capyabditsidering thés mm
slice thickness of the tracking MR images and them diameter of the target
screw. The needle is deemed to slip away from the screw aftaact and the

targeting error is determined to Bemm.

2. The experimental result of the second trial insertiorhisan in Figure 6.9. Fig-
ure 6.9(a) shows three representative frames from theraomis MR images mon-
itoring in the coronal view as the needle approaches thestafjthe screw tip:
the left image shows the target screw along with the needleeagntry point; the
middle image shows the needle touches the embedded scrévhanight image
shows that the screw has been pushed by the needle and monggta direction
of needle insertion. The static MR images taken in the axidl eoronal views
shown in Figure 6.9(b) and (c) further con rm that the neadls contact with the
target screw. Figure 6.9(b) shows that the needle reackeestdet screw in the

center along its length and is measured t@tZ&mm above the targeted screw tip.
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Needle Contact

/ Target . with Target

“——Needle Tip

(a) Selected three frames from continuous MRI monitorinthansagittal view as the needle approaches
the target. The imaging sequence parameter$ardr = 1:89=3:77 ms ip angle = 45 , bandwidth=
977 Hzpixel, FoV =256 256 mm matrix= 256 258 slice thickness 5mm.

Target

<— Needle

(b) The axial MR image that veri es the nee- (c) The sagittal MR image that veri es the nee-
dle scraping against the screw. The imaging se-dle scraping against the needle. The imaging se-
quence parameters afg=Tg = 1:89=3.77ms guence parameters afg =T = 2:46=440ms

ip angle = 45 , bandwidth = 977 Hz=pixel, ip angle = 87 , bandwidth = 320 Hz=pixel,
Fov =256 256 mm matrix=256 256 slice Fov =150 200mm matrix=192 256, slice
thickness= 5 mm. thickness= 3mm.

Figure 6.8: MR images taken as the needle approaches tret tarthe
pig's thigh in the rstinsertion trial.

This is reasonable considering the fact that the needleléstalreach the screw
accurately in the tracking image plane, as shown in Figdéh. This can also be
excused by the fact that the slice thickness of the trackiRjiMages i5 mm, yet

it suggests that single plane MR image tracking is not sehtito ensure accurate

needle insertion. The targeting error in this trial is detiered to beB:2 mm.

3. The experimental result of the third trial insertion i©af in Figure 6.10. Fig-
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Needle Contact

/Target L~ With Target

Nee@ip

(a) Selected three frames from continuous MRI monitorinthacoronal view as the needle approaches
the target. The imaging sequence parameter3ardr=T, = 1:15=24527=2200ms ip angle = 20 ,
bandwidth= 1532 Hz=pixel, FoV =300 300 mm matrix=192 192 slice thickness 5mm.

\ 8:2mm

Needle Tip

(b) The axial MR image that veri es the needle (c) The coronal MR image that veri es the nee-
pushes against the screw at its center in lengthdle pushes against the needle. The imaging se-
The distance from the needle to the tip of the quence parameters afg =T = 2:46=440ms
screw is measured to B2 mm. The imaging ip angle = 90 , bandwidth = 320 Hz=pixel,
sequence parameters die=Tr = 2:46=440 ms FoVv =253 280mm matrix=232 256, slice

ip angle = 87 , bandwidth = 320 Hz=pixel, thickness= 3mm.

FoV =200 150mm matrix=256 192 slice

thickness= 3mm.

Figure 6.9: MR images taken as the needle approaches tlet tarthe
pig's thigh in the second insertion trial.

ure 6.10(a) shows one of the continuous MR images monitdrintpe coronal
view. As shown in the image, the needle is slightly off thgédrscrew and passes
by it with an offset. This is shown more evidently in Figur&®b) where a static
MR image in the same coronal view but with a higher resolutias been taken
after the needle was further inserted into the phantom. a&tgeting error in this

case is measured to B mm.
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Needle Tip

\ /Target

(@) The dynamic coronal MR image taken af- (b) The static coronal MR image that veri es
ter the needle passes by36 mm from the tar-  the relative position of the needle with respect to
get screw. The imaging sequence parametershe target screw. The imaging sequence param-
are Tge=Tg = 1:51=4:1ms ip angle = 10 , eters areTg=Tg = 2:46=440ms ip angle =

bandwidth = 1302 Hz=pixel, FoV = 300 87 , bandwidth= 320 Hz=pixel, FoV = 300
300 mm matrix= 192 192 slice thickness 300 mm matrix = 256 256, slice thickness
3mm. 3mm.

Figure 6.10: MR images taken as the needle approaches t&t tarthe
pig's thigh in the third insertion trial.

4. The experimental result of the fourth trial insertion ®wn in Figure 6.11. Fig-
ure 6.11(a) shows three representative frames from thecmnis MR images mon-
itoring in the sagittal view as the needle approaches tlyetaf the screw tip: the
left image shows the target screw along with the needle anhg point; the mid-
dle image shows the needle touches the embedded screweamnghtimage shows
that the screw has been pushed by the needle and moves adodigeittion of nee-
dle insertion. The needle is vaguely shown in these image® st is slightly off
the imaging plane, as shown in Figure 6.11(b) and (c). THes$#R images taken
in the coronal view shown in Figure 6.11(b) con rms that theedle is in close
proximity with the target screw. This is further veri ed indure 6.11(c) where
the needle was replaced with an MRI marker to capture a cleaesdle trace. The

targeting error in this trial is determined to B2 mm.
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(a) Selected three frames from continuous MRI monitorinthasagittal view as the needle approaches
the target. The imaging sequence parameter§ardr = 1:51=4:1 ms ip angle = 10 , bandwidth=
1302 Hzpixel, FoV =300 300 mm matrix=192 192 slice thickness 3mm.

Needle Tip
Target /

~

(b) The coronal MR image that shows the rel- (¢) The coronal MR image that conrms the
ative position of the needle with respect to the needle position after replacing the needle with
target screw. The imaging sequence parameteran MRI marker through the guiding cannula.

areTe=Tg = 2:46=440ms ip angle = 87 , The imaging sequence parameters BieTr =
bandwidth = 320 Hz=pixel, FoV = 300 2:46=440ms ip angle = 87 , bandwidth =
300 mm matrix = 256 256 slice thickness 320 Hzpixel, FoV = 300 300 mm, matrix =
3mm. 256 256, slice thickness 3mm.

Figure 6.11: MR images taken as the needle approaches t&t tarthe
pig's thigh in the fourth insertion trial.

5. The experimental result of the fth trial insertion is st in Figure 6.12. Fig-
ure 6.12(a) shows three representative frames from thencmnts MR images
monitoring in the sagittal view as the needle approachetatiget of the screw tip:
the left image shows the target screw along with the needleea¢ntry point; the
middle image shows the needle touches the embedded scréwhenght image

shows that the screw has been pushed by the needle and mongstla direc-
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tion of needle insertion. The static MR images taken in thewal view shown in
Figure 6.12(b) and in the sagittal view shown in Figure 6&c120n rm the needle
position relative to the target by replacing the needle &ithiMRI marker through
the guiding cannula. The targeting error in this trial isedletined to bed mm and

the procedure time from taking the registration MR imagkgshe needle hit the

target is approximately 24 minutes.

/Target Needle Contact
-
with Target

T~ Needle Tip

(a) Selected three frames from continuous MRI monitorinthansagittal view as the needle approaches
the target. The imaging sequence parameter§grdr = 1:51=4:1 ms ip angle = 10 , bandwidth=
1302 Hzpixel, FoV =300 300 mm matrix=192 192 slice thickness 3mm.

Target

S~

Cannula Tip

(b) The coronal MR image that veri es the needle (c) The sagittal MR image that veri es the needle
position after replacing the needle with an MRI position after replacing the needle with an MRI
marker through the guiding cannula. The imaging marker through the guiding cannula. The imaging
sequence parameters die=Tr = 2:46=440ms sequence parameters die=Tr = 2:46=440 ms

ip angle = 87 , bandwidth = 320 Hz=pixel, ip angle = 90 , bandwidth = 320 Hz=pixel,
FoV =300 300mm matrix=256 256, slice FoVv =175 200 mm matrix=224 256, slice
thickness= 3mm. thickness= 4 mm.

Figure 6.12: MR images taken as the needle approaches f&t tarthe
chicken breast in the fth insertion trial.

158



6. The experimental result of the sixth trial insertion i®wh in Figure 6.13. Fig-
ure 6.13(a) shows three representative frames from thencmnts MR images
monitoring in the sagittal view as the needle approachetatiget of the screw tip:
the left image shows the target screw along with the needleeagntry point; the
middle image shows the needle touches the embedded scrévhanight image
shows that the screw has been scraped by the needle and namvwg#e direction
of needle insertion. The static MR images taken in the cdndea with the needle
shown in Figure 6.13(b) and with the MRI marker inserted digtothe guiding can-
nula shown in Figure 6.13(c) con rm the needle positiontig&ato the target. The
targeting error in this trial is determined to Benm and the procedure time from
taking the registration MR images till the needle hit th@edris approximately 17

minutes.

As summarized in Table 6.2, the robot comes withimm of the target location
six times during the seven trials, with the targeting beiaggxt four times as shown in
Figure 6.7, 6.8, 6.12, and 6.13. During the second trial téinget is missed by about
8:2mm. This error can be attributed to the tissue deformation aodement during the
robotic manipulation. The average time from initial imagio hitting the target for the
three trials performed on the chicken breas2G67 3:51minutes.

Force feedback data has also been collected during the egwarotargeting trials.
Figure 6.14 shows a typical force pro le that was obtainedhi@ second trial when the
needle was inserted into the pig's thigh. The force alongdilection of needle insertion

remains zero prior to the needle tissue contact and riseklguaroundt = 3200 swhen
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Target Needle Contact
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“—Needle Tip

(a) Selected three frames from continuous MRI monitorinthansagittal view as the needle approaches
the target. The imaging sequence parameter§grdg = 1:51=4:1 ms ip angle = 10 , bandwidth=
1302 Hzpixel, FoV =300 300 mm matrix=192 192 slice thickness 3mm.

Needle Tip Needle Tip

\ /Target \ -

Target

(b) The coronal MR image that shows the needle(c) The coronal MR image that veri es the nee-

position relative to the target screw. The imaging dle position after replacing the needle with an

sequence parameters die=Tr = 2:46=440ms MRI marker. The imaging sequence parameters

ip angle = 87 , bandwidth = 320 Hz=pixel, areTe=Tg = 2:46=440ms ip angle = 87 ,

FoV =300 300mm matrix=256 256 slice  bandwidth = 320 Hz=pixel, FoV = 300

thickness=s 3mm. 300 mm matrix = 256 258, slice thickness
3mm.

Figure 6.13: MR images taken as the needle approaches &t tathe
chicken breast in the sixth insertion trial.

the needle is inserted into the tissue. The peak force obdesvapproximatelyl:5 N.
After aboutt = 1700 sforce drop is observed due to the tissue relaxation and tedl@e

penetrating further into the tissue layers.
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Needle Depthrom)

Table 6.2: Summary of the seven evaluation tests for thacalrgystem
performing needle insertion under continuous MRI guidance

(a) Targeting error of the seven trials (b) Procedure time of the last three trials
Trial No. Error (nm) Trial No. Time (min)
1 0.0 5 24
2 8.2 6 17
3 3.6 7 21
4 3.2 Average 20.67 3.51
5 0.0
6 0.0
7 0.0

Average 2.14 3.12

100 T T T T T T
80 1
60 1
40 12
11.5
20 11
10.5
0 10
1 I I I I -05
0 1000 2000 3000 4000 5000 6000 7000
Time (9)
Figure 6.14: Insertion force pro le measured when the ne¢slinserted
into the pig's thigh
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6.3 In Vivo Targeting Test under MR Guidance

After extensiveex vivoexperiments have been performed using either pig's thigh or
chicken breastin vivo experiment using live animal has been conducted to evathate
master-slave system. Though a fewivo experiments have been conducted and more
than one successful experiment has been performed, thisrsgresents the data for
only one successful experiment. A Yorkshire pig weighingragimately48 kgis used
and the protocol has been approved by the Institutional AhiGare and Use Commit-
tee (IACUC). The pig is anesthetized using Telazol + xylazwith 0:25% bipuvacaine
prior to transporting to the MRI center. Anesthesia is cumetd as needed while the
veterinarian staff monitored the animal during the courfsth® complete experiment by
periodic measurement of blood pressure, heart rate, ete.pithis placed in the mag-
net sideways in the head rst position as shown in Figure @i the robotic system is
placed at the edge of the magnet on the table top in its dgfasition. An MR visible
marker is also attached to the tip of the xing tube of the sleabot so that identi cation
of its location is possible through MR. An 8-channel bodygrcoil is used to image the
pig.

High-resolution images of the thigh muscles of the hind legabtained usingd;-
weighted FLASH sequencdd{=Tg = 2:46=440 ms ip angle = 87 , matrix = 192
192 35, slice thicknesss 3 mm, 0:78 mmin-plane resolution), and the targeting location
is chosen to bé&:5 cmanterior to the femoral bone as shown in Figure 6.16(A) imloé
coronal and sagittal planes.

Once the target is determined, the best trajectory to tlgetas chosen and the
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EndoScout® Sensor
Force Sensor

Figure 6.15:n vivo experimental setup in the MRI targeting the femoral
bone

slave robot is actuated to line up with the target. Figures &hows the MR visible
marker (circled in cyan) in line with the target (circled egd). Also shown in the images
is the entry point (green oval) on the pig skin. Once the stabet is aligned with the
target, the MR table is retracted from the center of the magaee and an incision is
made in the skin at the location the robot is pointing. Aftee incision is made the
pig along with the robot is moved back into the scanner andjingais resumed. High
resolution images are obtained to ensure that the slavée iobtill in position to advance
the needle towards the target. Dynamic images are thenneltavith the slave robot

while advancing the needle to the target using rapid imaggugence (FLASH sequence,

163



Figure 6.16: High-resolution coronal (left) and sagittagl(t) spot images
at different phases of targeting: (A) target (red circlenbe
identi ed and the robot moved into position to move towards
the target; (B) mid-point of targeting; (C) needle reachimg

nal target location.
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Figure 6.17: Sample dynamic images in the sagittal plankeasdedle is
advanced towards the target.

Te=Tr =1:5=4:1 8ms ipangle =10 , matrix=192 192 slice thickness 3 mm,
1:56 mm in-plane resolution) with a frame rate of 2.5 frames per sdcoFigure 6.17
shows some frames from the dynamic session where the nsaaii#ancing towards the
target.

Figure 6.16(B) shows the spot high-resolution images wWithrteedle at the mid-
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Figure 6.18: Insertion force pro le measured when the neéslinserted
into the thigh muscles of the hind leg of the live pig

point towards the target and Figure 6.16(C) shows sucdetssfijeting of the planned
location.

Figure 6.18 shows the force feedback data. Similar to thdteegbserved in thex
vivo experiments, the needle insertion force is zero prior todedle tissue contact and
rises sharply when the needle is inserted into the tissugk féece ove6 N is observed
which is much higher compared to the peak force observeciexhivoexperiments and
shorter relaxation time is also observed in thevivo experiment. The total time taken

from setting up the system to reaching the target takestktigtore than 50 minutes.

6.4 Summary

In this chapter, the results of the evaluation experiment®tbeen presented in detail.

The MRI-compatibility test shows that the operation of thiedperated surgical system
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does not induce any visually-detectable artifact thoughrtbot might induce eld in-
homogeneities at the periphery of the phantom. Under cootia MRI guidance, thex
Vivo targeting experiment can achieve over 85% success ratethamal vivo targeting
experiment on a live pig has been performed successfulhgusiout 50 minutes. These
experimental results verify the effectiveness of the dgvetl teleoperated master-slave

surgical system.
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Chapter 7
Conclusions and Future Works

7.1 Conclusions

The goal of this project is to develop a teleoperated matéme surgical system with a
MRI-compatible slave robot that can enable the physicigretéorm needle-based breast
biopsy under continuous MRI guidance. Active work has bemmied out by multiple
researchers to develop MRI-compatible surgical robotyvémious applications, and the
MRI-compatible slave robot developed here is one of the teat has the potential to
perform breast biopsies. It employs pneumatic actuatiortife majority of the DOFs
and is teleoperated using a dedicated master robot. Thaptgigtion system also uses

a GUI program that can assist the physician performing tleglleeinsertion task in an
intuitive way. Thorough evaluation experiments have besrdacted, includingx vivo
phantom test anth vivo animal test. Based on the research work done and experimenta

results obtained in this project, the following conclus@an be made:

Polymer materials such as Delfinand Te on® are the most preferred materials
for applications inside the MRI since they are both nonméged dielectric. For
structural parts that require higher mechanical stiffraess strength that polymer
materials cannot provide, titanium is the most ideal matevhen manufacturing
cost and machining capability are less of a concern. Theaunaal alternatives
are brass (Alloy 360) and aluminum (Alloy 3601) that rend®ited magnetic eld
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interference in the MRI environment. However, when usingsthnon-magnetic
materials, the metal volume should be minimized and be dlasefar away from

the scanning center as possible.

Pneumatic actuation leads to least magnetic eld interfeeecompared to other
actuation techniques and causes negligible MR image gukdgradation and SNR
loss, though achieving dynamic performance and millimstaie positioning ac-
curacy can be a challenge. Piezo motor can provide bettamadigs and positioning
accuracy at the cost of modest image quality degradatiorBatil loss in the MR
images, and should be placed as far away from the scannesr @npermitted.

Also, the actuation force and speed of the piezo motor igdidni

The slave robot and its prototype, both of which are develapith the aforemen-
tioned materials and actuation techniques, are MRI-coilpdiased on the results

of the MRI experiments.

The kinematic analysis shows that the developed slave rod®t6 DOFs. The
three-link parallel mechanism can provide one translali@®OF and two rota-
tional DOFs and is accompanied by two additional coupledsiegional DOFs,
and hence, moves the mobile platform in 6-D space. The stdye can be used to

adjust the needle orientation and position to perform reegdlertion tasks.

The most challenging aspect of pneumatic actuation insideMRI environment
is the slow response due to the long transmission lines anddhlinear friction

force. Despite these challenges, accurate positionidgroh can be achieved with
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controllers based on SMC control or PID with friction compation.

With negligible time delay introduced by the local networamunication, the
master and the slave robot of the teleoperation system caliréely connected

with reasonable dynamic performance.

Based on theex vivoandin vivo MRI experiments, the developed teleoperated
surgical system can ful | its designed functions and perfareedle insertion tasks
with high success rate (over 85%). Such surgical system ampally be used in

clinical applications with further development.

7.2 Contributions

To the best of my knowledge, this is the rst MRI-compatibl@ster-slave robotic sys-
tem that has been developed to enable breast biopsy undiémwamus MRI using long
pneumatic transmission lines. Though the robotic systenoig/et suitable for clinical
trials, this dissertation presents extensive work thatiees done towards achieving that

goal. The contributions presented in this dissertationbmasummarized as follows:

Designed and developed the MRI-compatible breast bioasye sbbot:

— Developed a prototype MRI-compatible slave robot comgisaf a three-link
parallel mechanism that could provide needle orientatidjusiment and a

needle driver that could perform needle insertion usingwaenotion;

— Based on the prototype robot, developed a 6-DOF slave tbbbts able to

assist the physician perform breast biopsy needle inserigide the MR,
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— Derived the inverse kinematics of the three-link paratledchanism using

screw theory and presented the forward kinematics withilddteesult.

Studied the pneumatic control over long transmission lfinespplications inside

the MRI based on a 1-DOF prototype device:

— Developed pneumatic controllers using SMC technique fop@rtional pres-
sure valves;

— Developed pneumatic controllers using PID technique Wwithion compen-

sation for proportional mass ow rate valve.
Developed the master robot for intuitive operation of trevslrobot:

— Established actuator level kinematics map between théemasd the slave
robot;
— Developed the control strategy for the master robot to vaslan intuitive

manipulation interface to the slave robot.

Developed the GUI program for visualization of the slaveatddnd assembled the

virtual components in the OpenGL environment using thevedrkinematics.

Evaluated of the master-slave surgical system expeririignta

— Conducted experiments to validate the MRI-compatibdityhe slave robot;

— Performedex vivophantom targeting tests and achieved six successful needle
insertions out of seven trials;

— Carried outn vivotargeting experiments successfully.
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7.3 Future Works

The possible directions for future work in this area are:

Improve the engineering design of the slave robot to makedtier and more rigid
with less metal components. Work can also be carried outd@ase the mobility
of the slave robot, such as installing it on a mobile tablethsd the burden of

preparing the robot on the MRI scanner bed would be lessened;

Redesign the needle driver of the slave robot so that stdradi@ical instruments

can be mounted with quick-release capability;

Investigate the design of the slave robot for redundantisgrend actuation, as

well as the incorporation of safety mechanisms.

Improve the design of the master robot to make its size smatid its operation

more intuitive;

Further investigate the control of pneumatic cylindersréeeg transmission lines.

Mechanical damping mechanism can also be included totiteilcontroller design;

Incorporate more features in the GUI program to facilitéte operation of the
surgical system, such as: a) communicating with the MRIiseato render the MR
images along with the CAD model of the robot, b) performingransimulation for
the slave robot according to the instantaneous commandeduwation from the
master to compensate the slow response of the slave romb\ailing trajectory
planning for the needle insertion, and d) enabling the imtabf the needle about
any spatial point speci ed by the user.
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Appendix A

CAD Drawings of the Slave Robot
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Appendix B

CAD Drawings of the Master Robot
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