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ABSTRACT

Today, several medical diagnosis and therapeutic cancer interventions are performed using
needles via percutaneous surgical procedures. The success of these procedures highly depends on
the accurate placement of the needle tip at target positions. Imgpresigeting accuracy
necessitates improvements in medical imaging and needle steering techniques. The former
provides an improved vision on the target (i.e., cancerous tissue) and the needle, while the latter
enables an enhanced interventional tool. Inespf considerable advancements in the medical
imaging field, the structure of the needle itself has remained unchanged. In the past decade,
research works have suggested passive or active navigation of the needle inside the tissue to
improve targeting accacy. In addition, to provide actuation and control for needle steering, an
active needle has been introduced thatoés act u:
of studies involving the robetssisted tracking system to (i) estimate thesBBpe of the active
needle inside phantom tissue using 2D transverse ultrasound imaging, (ii) predict the 3D needle
shape for realime tracking, (iii) steer the active needle for patients with pubic arch interference,

(iv) estimate tissue movement during active needle insertion task, (v) model and control for
bidirectional manipulation(vi) perform a systematic 1@ore transperineal prostate biopsy with
minimal active needle insertions avoid puncturing orgaret-risk, (vii) develop a mechanies
basedmodel for needktissue interactions and (viii) autonomous control of the nestilleing

MRI-conditional parts



CONTRIBUTION

After the completion of this dissertation, my contribution will be tegeliqpment ofa
closedloop mechanicshasednodelof the tendordriven notched needle inside tissue. No studies
have presented a model to prediat behavior of tendowlriven active needlésnteractionwith
tissue while advancing and bending inside &s3iis model, when fully developedanbe used
in modetbased controfor needle insertion task3.o minimize the error in needle tip tracking
whilst inside tissue, ware using ouneedleshape estimation to inform probaldsttip positions
during needle insertion wevelop a reliable redime needletip tracking.This leads to the
potential ofclosedloop controlof the active tendodriven needles informed by the model and

predictive shape estimation inside tissue with-tisa¢ reliable ultrasound tracking
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Chapter 1. INTRODUCTION

Advancements in biomedical devickave beenat the forefrontof research studies in
recent years ttelp surgeons perfornmeedlebasedproceduresnore accurately in placing the
needle tipat the desired locations for diagnosis/treatnamt subsequently lessen the recovery
time for patientsThis chaptegoes over recent cancer statistics, a literature review on the currently
used needles and needle interventions, background information on shape memory allays, and

well asinformation on imagguided needle insertion systems.



1.1. Prostate Cancer
The American Cancer Society (ACS) has estim&tedllion new cases of cancer in the
United Statedor 2025 with 618,120projected death$or this year aloneTable 1 shows the

estimated new cases and deaths breakdown for three different types of [gncers

Table 1. Top 3 highesestimatednumber of cancer cases and the statistics for both male and
femalesfor 2025 in the US

Estimated New Cases Estimated Deaths
Male Female Male Female
Breast 2,800 316,950 510 42,170
Lung & Bronchus 110,680 115,970 64,190 60,540
Prostate 313,780 N/A 35,770 N/A

1.1.1.Prostate Brachytherapy

Current optionf treating prostate cancerclude radical prostatectomy, brachytherapy,
external beam radiation therapy, hormonal therapy, and cryotherapy. Of these, brachy2herapy
an outpatient procedure where local radiation is used to irradiate the cancer inside the prostate, is
one of the popular modaliti¢3,4] andhas been recognized as effectivemethod especially for
prostate cancgbi 7].

Patients with early stage prostate cancer are normally selected fedostmsate
brachytherapy (LDRBT) [8]. In the current state of theag 6 st epper 6 device al
linear translation o&transrectal ultrasound (TRUS) through the rectwinile a set of needles is
used for percutaneousplantation of radioactiveseed [9]. The physician uses the needle to
deposit~ 80 (rangsfrom about 56100) seeds in the prostate. Several methods, swdngsited
tomography CT) andmagnetic resonance imagingRI) are utilized for posimplant dosimetry
[10]. Since a high radiation dose with sharp-&dfl is delivered to the prostate glaralprecise

placement of the seeds is required to ensure an effective tref@mant_imited needle actuation
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near the needl ed smowmentrofythe pamget lodatiom during neédle ssedian
[12,13]along with the distribution of 70% of the tumor foci at the peripheral zone of the prostate
[14] result in additionadlifficulties for acurate seed placements and desired dose distribution.

High-doserate brachytherapy (HDR BT) involves careful insertion of a&817-gauge
needles (catheters) inside the prostate through perineum. Thisymex(@oing with lowdoserate
BT) is done manually by a physician under TRUS guidaRagid needles and typical templates
restrict the needl e d spunctararncdorgane at askeucH apénite,bula nd t h
and related vasculatuis oftenunavoidable After needle placements, a CT scan provides 3D
image of the prostate and catheters, as aglihe critical organs like theethra,bladder and
rectum. The CT imageare used for dosimetric planning that enables the delivery of the desired
dose to the target volume sparing surrounding critical organs and healthy normahtideuiee,
calledremote afterloaderis then used to insert a radiation souficel92 isotope is commonly
used through several channels that are connected to the implanted catheters. The source of
radiation is welded on the end o$teelwire, enabling removal afterdfprocedure. The device is
programmed to deliver different radiation doses at different positions in the prostate.

HDR BT eliminates the limitations in seed loss or displacement in LDR BT that can lead
to suboptimal dosimetry, including cold areas within the prostate and higher dose than intended to
the urethra, rectum, and bladdgr5]. Most studies have reported comparable outcomes using
either HDR or LDR BT[16]. Benefits of HDR BT includebetter dose conformality and sparing
of critical structureslessoperator dependency, and fewer acute irritative symptanatherstudy
argued that the declining trend in useBdf [171 19] is due to lack of radiation oncologists with
the skills needed to perform high quaBY implants.Studieshave also reportethatthe existing

BT procedures can result in stdéfects such as edema in tissue, incontinence, and impotdrece.



side effects ara result of excessive radiation and needle penetriaiosensitiveorgans such as
theurethra, bladder, rectum, penile bulb, cavernous vaims neurevascular bundles. Also, use

of HDR BT is limited in patients whose pubic arch obstructs the transperineab paghgrostate,
thereby interfering with needle placem¢2@]. A study showed that the procedure was practical
only for 24 out of the 40 patients studied due to pelvic bone arch interfd&jc&Substantial

pubic arch interferenc@Al), which ismore likely in patients with a large prostateakes it

difficult to achieve adequate source placement in the anterior and lateral portions of the prostate
[22]. Even a narrow pubic arch may prevent proper implantation in a small prostat¢2fiand
Known strategies to overcome this problem including oblique catheter insertion and pelvic rotation
[23,24] are not optimal. Other methods suggested insertion of-8ke25] or oblique needles

[24] to pass the pubic aréctive needle steeringan alleviate this concern by precise placement

of seeds or needles@tsiredocationswhereasraditional surgical needles are made of rigdil
biocompatiblematerials such as stainless steel, rigid plastic, and titanium, which do not provide
enoughflexibility for the needle to navigating inside the tissue in a-stoaight path. However, a
curved path is often desired in a nedoidsed procedure such as brachytherapy to release a greater
number of seedsiay a smaller number of insertions and thereby less trauma to the tissue. The
curved path can also prevent puncturing sensitive organs or large arteries that might be on the way
toward the target location. A study by Podder etf26] pr oposed a HAcurvil i

technique Figurela and b) for prostate seed implantation
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Figure 17.%ifhrbflér1jtrét/ion of radioactive seeds in pros@ﬁﬁhéféﬁy via (a) rectilinear approach
using conventional rigid needles and (b) curvilinear approach using flexible active needles.

The study evaluateithe dosimety benefits of the curvilinear distribution of seeds ltw
dose ratel(DR) prostate brachytherapy and proved its superiority over the conventional approach
(average reductions in required number of needles and seeds were 30.1% and 10.6%, respectively
[26]). Reduction in the number of needles would minimize edema and could thereby reduce
postimplant urinary incontinence. Although this study was published in 2012, curvilinear approach
has still not been adopted for clinical practice mainly due to the lagkealfable flexible needle
[27]. The rigid structure of current needles and lack of effective actuation and guidance techniques

are among the factors that make needle placement a challenging task.

1.1.2.Prostate Biopsy
Early detection of tb malignant cancer is important to reduce mortality rates and
metastasig28]. To diagnose prostate cancer, clinicians commonly perform a screening for
prostatespecific antigens (PSA) in conjunction with performing a digital rectal exam. If the results
are abnormalthen prostate biopsy [gerformeddepending on the PSA levek.study onabout
19,000 malegoncluded that even though some patientsdiledst han fAnoroMRSAO r ang

levels, they were later correctly diagnosed with prostate cancer through a[Ri@jpsy



Imageguided biopsy has been a popular procedure for diagnosis of many types of cancer
such as prostate, melanoma, breast, colon, and lung for d¢gadd@heseprocedures, mandated
by US Food and Drug Administration (FDA), are accompanied by companion diagnosis tests to
choose the most effective treatments for breast cgBtgrSeveral imaging techniqu§3i 34]
are developed to identify tumor, and to help needle navigi8®Bjritowards the target locations.
For example, PET fused with CT imaging has been integrated with the biopsy process for cancer
diagnosig36]. With this system, the hypermetabolic portion of a large morphologically abnormal
lesion, and the most metabolicadlgtiveportionof atumorcouldbedeterminedHowever, poor
placement of needle and tumor visualization have always been among the problems resulting in
clinicians classifying the tumor as benign when it was malignant (i.e., false negative). A workshop
on prostate cancer and imaging technology by Nagional Cancer Institut¢37] reported
diagnostic accuracy as one of four major challenges in prostate cancer treatment and management.
A typical diagnosis method for prostate cancer is core needle biopsy. Unfortunately, TRUS guided
biopsies have resulted in poor cancer detectiorofét@30%(37], [38]. In addition, it was known
that due to the inherent heterogeneity of prostate cancer (~85% of prostate cancer being multifocal
in origin [39]), systematic biopsy methodg (& spatially distributed prostate core biopsies under
TRUS guidance) may also not provide accurate information on location, size, extent, and grade of
the disease. Even systematic sampling done with TRUS guidance oftéed @suinderdiagnosis
of prostate cancer extemflore recent studiegl0,41] have shown that targeted biopsy results in
detection of significant cancers with fewer cores and thereby reduce unnecessary. Bieppits
the higher success in prostate cancer detection;dvkled biopsies are offered only to specific
patients at few institutes around the nation, due to the additional costs of using the MRI machine.

Ther eds a,MREfusiompeostdiedbidpsyhichcombines MRI images with US images



in real time and performed under US guidance. The MRI fusion prostate biopsy is currently being
performed either transperineally or transrectally. Transrectal prostate biopsy is currently the
preferred method bthe majorityof the institutes because of its shorter procedure time, despite its
higher risk of infectionThe success of a targeted biopsy depends on the (i) detection of significant
cancer lesions through MRI, and (ii) accurate targeting of the bid@$yThe literatures have
emphasized on the former, while the impact of targeting accuracy on overall performance has been

overlooked42].

1.1.3.Importance of Targeting Accuracy

I n needle based procedur es, trexking@acounatelyr el y
guide the needle in a desired trajectimwards the target location(s). Medical imagingnie e d | e
basedorocedures provides online (intraoperative) trajectory trackirigeoheedle tip that can be
used to estimate the deviation from tdesired trajectory.The success rate of prostate
brachytherapy (like many other neetli@sed interventions) depends on accurate placement of the
needle tip at the cancerous tissue to release the radioactive seeds. Cunpagdicstemplateis
used to insert rigid needles into desired locations; howevepldahement obeeds oftenleviates
due to factors surcas deflection of the needéendtissue deformationMovement of the target
location due to physiological processes such@athing, intervening anatomy, poor needle
visualization, and limited imaging possibilities were listed among factors making it difficult to
reach the target in needbased interventiong3]. Needle deviation from a desired path can also
happen due to tissue inhomogen@iy]. In the case of deviation from the desired path, the needles
must be removed and reinserted back into the tissue. The problem with current brachytherapy
method is that the accuracy of the needle placement is relatively low, which may cause the

radioactive seds to beleposited at undesired locatipasd thus lead to side effestsch as poor
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coverage of the tumor andcontinencg10]. It was reported43] that a mean maximal error of

2.7 mm in needle placement is acceptable when targeting lesions in-hasedk interventions.
Improving targeting accuracy requires exploring better ways of conveying the target location to
the biopsy operatd@2]. Targeting accuracy is also affected by experience, meaning that more
experienced operators have better targeting outcdAfs Recognizing the importance of
precision tracking and placement, several efforts have been made in recent years to improve

medical imaging and interventional delivery systems.

1.1.4.Literature Search of Previous Needles
With the purpose of increasing flexibility and reducing deviations from the needle's desired
path, both passive and active needle designs have been proposed in the past decade for diagnosis
or thergeutic purposes in needbased interventionf27,46 54]. Passive needles rely on the
tissueneedle interactiong!4] to steer inside tissudmong passive needles, bevgl [55], pre
curved[56], kinked needle$57], and concentric preurved tubeg58] are the most effective

designs to datd=igure2 shows each of the desigji6,58]

. G ()
. A e 2.
d t I -\\
Bevel-tip Pre-curved Kinked
‘é‘ Concentric pre-curved tubes

Figure2. Currently used passive needle designs.



The disadvantage of passive needles is that trajectory planning can be complicated and
inaccuratg59i 61). Deflection with passive needles is governed bymamogeneous viscoelastic
interactions between tissue and needle. Passive needles of a predefined shape steer in 2D with a
constant radius and thereby require an axial rotation to reach targets in 8[62p®] Rotation
of the needle while advancing in the tissue not only requires a complex control system, but also
increases the risk of tissue damgyg 65]

Active controllable needles, on the other hand, can compensate for misaligreaehisg
from any unpredictable factors during insertion. Yet there are no active needles currently
commercially available, and even research studies are at preliminary stages. Scdb4gt al.
summarized all possible mechanical solutions for passive or active needle steering (see examples
[57,66 74]). Three research groups have proposed an active needle with on demand actuation
specifically for brachytherapy9,75,76] The problems witlthe designs were the large sjzew
stiffness, and low planar deflection. These needles also require large rotations to reach out of plane
targets, which results in significant tissue rupture. It should also be noted that the target positions
are close to the peripheral zone of the @mtestand thereby additional challenge to implant the
seeds via these needles. Deflection in only one direction and lack of a hollow pathway inside the
needle were the problems with the dedigi]. Active needles, however, bend inside tissue using
bending force of a tenddir7,78] or actuator{79,80] Tendordriven needle bending has been
studied81,82]using a feedback sensor to locate the needle tip to form a-¢tagedontrol system.

In previous work of Gerboni83], Chitalia[84], Haga[85], Kutzer[86], Khadem[87], and Lis
[88], cut-out patterns (notches) of different forms have been used on a superelastic nitinol tube to

achieve a higher flexibility for needle actuatidhi a o 6 shaggpreviaugly developedodopsy



needlethat canshoot at different anglg89] with a tubular duatoller bending mechanisrior

transurethral prostate biopsy purpofg8, and shown improvements in phantoms and cadavers
Robotic control of asymmetric passive beveled tip needles inside tissue toward the target

has been studied in literat&l]. These control systems utilize neddigsue interaction models

such as: (i) nonholonomic kinemati@,93], (ii) finite element modelf4,95], (iii) mechanics

based modelf©6], and (iv) adaptive mode[87,98]to realize a precise movement inside tissue.

The beveled tip needles require an axial rotation to bend in different directions, while the active

needle creates desired angles via its SMA actuators (i.e., no rotation recAdditpnally, the

beveled tip needles are undmtuated systems and thereby are not locally controllable. This means

that states close to the current state of the system are not reachable in a short inserti®]ength

Regarding active needtessue interaction modelthe only other group to create a mechanics

based model for active needleddisa t | a 6 wherg theylevgrage magnets as the actuator for

their needlg100] which creates constaneedlecurvature trajectoried.he active needle proposed

in this work introduceSMA actuators and thereby provides more authority and control on the

systemwith the abilityto actuag at any given timeThe model presented later will similarly be

based on the overall potential energy of the netisbeie systerrhoweverthe work done will be

from the internal tendons and based on the needle tip path going through different stiffness

phantom tissues rather than the work done from the magnet actuation.

1.2. Background Information on Shape M emory Alloys
SMAs exhibit properties of pseudoelasticity, shape memory effect (SMEsesaing,
corrosion resistance while also being biocompatible. All of these properties have led SMAs to be

used to develop innovative medical devices for cardiovascular, derdaduegical applications
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[101,102] A commonly used SMA is Nickélitanium (NiTi) also known asnitinol (Nickel-
Tltanium made in the Naval Ordnance Lab). Pseudoelasticity is known as the SMA's capability to
exhibit a larger recoverable elongation compared to conventional metals upon mechanical loading.
SME is the SMA's capability to realize an actuatioppoese upon heating due to the production

of a high rate of actuation energy den§lt3]. This actuation is the phase transformation between
the high temperature phase of austenite and the low temperature phase of mdfigneia.

shows the stregemperature graph based on the Brinson mfd®l]. There are two different

types of SMEs known as oweay and tweway SMEs. In onavay shape memory effect
(OWSME), the SMA is deformed into a desired shape at low temperatures and then heated to
recoverits shape. In twewvay shape memory effect (TWSME), the SMA remembers its shape at
low- and high temperatures. However, utilization of SMAs in active devices is challenging due

to their thermomechanically irreversible phase transformation and their hystesgsiase.

@
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Figure3. Stresgemperature relationship based on the Brinson mibetekmineshe phase of the
SMA.
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1.3. Background Information on ImageGuided Needle
I nsertions

Needlebased interventions asepopulaminimally invasive technique in procedures such
as brachytherapy, biopsy, and ablatidhtrasound is an accessible and economical tracking
method; however, precise needle tracking using ultrasound is often challenging due to low quality
of images, and false features that appear in the images such as shadows and/or reverberation
artefactsFor example, in prostate brachytherapy, sagiEajure4a) and transversd-{gure4b)
US images are used by surgeons to place the needle tip at the target (i.e., cancerous tissue) and
insert radioactive seeds to kill the cancer locally. However, it is often challenging to precisely
guide and track the needle inside the tissue due wx(ifjuiality of the US images, (ii) anatomical
false features in the images that may be mistaken with the needle, (iii) tissue deformation, and (iv)
movement of the target. Thereby, there has been significant research to develop automated

methods to locatédée needle in US images.

\

ﬂm@‘“’. 3?‘:‘“ ;xi‘r
N e 4

() (b)
Figure4. (a) Sagittal andh) transverse ultrasound images of the needle in prdstatbytherapy

12



Medical imaging plays an important role in position tracking of medical devices while

operating inside the patbasedptoéedureb, sudggons redypretois f i C

position tracking to accurately guide the needle in a desired tngjettwvards the target
location(s). Medical imaging in needbased procedures provides online (intraoperative)
trajectory tracking of the needle tip that can be used to estimate the deviation from the desired
trajectory. This deviation can later be use@ &sedback in a control algorithm for precise needle
navigation93]. Reed et a[105] developed a system by combining a 2D planner, image feedback,
and a linearized controller to guide the needle and restrict its out of plane movement. In another
work, 3D ultrasound tracking was used for placement of an active cannula at target gasiépns
Vrooijink et al.[107] presented a rediime tracking of the needle tip using an ultrasound device.
During needle insertion, the ultrasound transducer moves with the needle tip with adjusted velocity
to compensate for needle curvature. A 3D volumetric visualization was pedfarsieg 2D
ultrasound transducer {i08]. Doppler ultrasound imaging has also been used to visualize the
needle with high frequency vibratidd09 111]. In comparison with CT, magnetic resonance
imaging (MRI), and fluoroscopy, ultrasoundfers a low cost, widely accessible, portable, and
safe imaging modality[112]. Ultrasound images are usually noisy, due to reflections,
reverberations, shadows, air pockets, and biological speckle, which makes needle tracking
challenging. However, medical professionals perform a high portion of the needle insertion tasks
(such as biopsy procedurehder ultrasound guidance. The success of the hgaigied needle
insertions depends on precise tracking of the needi@lfjpTo enhance tracking, researchers have
suggested needle tracking using a single camera attached to an ultrasound tririsjuCsatical
flow-based iRplane tracking algorithrifil14], and trackingegion ofinterest (ROI) with random

sample consensus (RANSAC) algorithm and Kalrfiter localization[115] have also been
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proposed for improved visualization. In another widrk6], a method is presented to reconstruct
the needle shape using 2D transverse ultrasound images.

Ultrasound (US) imaging has widely been used to track the needle trajectory inside tissue
toward the desired targ¢t17,118] Medical imaging allows for redime and intraoperative
needle tip trajectory tracking, which can be utilized to calculate the deviation from a preplanned
trajectory. The deviation can be used as feedback in needle navigationlotmsedntrol systems
for accurate targetinflL19]. Pepley[120] developed and tested simulation of US tissaedle
deformation using passive needles for traditional manikin and cadaver training-Héaegt al.

[121] have developed the target position estimation accuracy for minimally invasive interventions
utilizing liver tissue motion simulator. Other worKki0,122]developed a forecbased analytical

model for needktissue interaction using bevibped needles.
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Chapter 2. 3D SHAPE ESTIMATION OF AN ACTIVE NEEDLE
INSIDE TISSUE USING 2D ULTRASOUND IMAGES

This work presents a method to estimgieshape of an active needle inside tissue using
2D transverse ultrasound images. The shape of the needle pnmligksiefeedback information
for precise control and guidance of the needle inside tissue toward target. We used a series of
i mage processing techni gue s ultrasoundchagast Usihgthist h e n ¢
method, we estimated the 3D shape of a terdioren active needle, when bent inside a
transparent phantom tissue using a robotic needle insertion system. The estimatenf shap
needle was then compared witie trueshape of the needle captured by two cameras. At least
three ultrasound images were required to estimate the needle shape with a second order polynomial

function.

1Konh, B., Batsaikhan, Z., arRadasdao,B. 2021, #A3D Shape Es
2DUl trasound | mages, 0 Proceedings of t
Minneapolis, MN, pp. 14. https://doi.org/10.1115/DMD2021053.

BK: Concept development and fiound of writing

ZB: Equal contributionn experiments and data analysis

BP: Equal contribution in experiments and data analysis
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2.1. Robotic Needle Insertion and 3D Needle Shape Estimation

2.1.1.Robotic Needle Insertion with Ultrasound Tracking

A robotic needle insertion system was used to insert a tetilem active needld={gure
5b) inside a transparent phantom tisstiee phantontissuewas a polyvinylchloridéPVC) gel
(M-F Manufacturing Co., Ft. Worth, TX), with 3ratio of plastic (PVC suspension) to softener
The needlecannulawas a superelastitinol tube withan outerdiameterof 2.0mm and inner
diameter of 1.6mm. The needlannulawas slotted with three cutoffs (width of 2.4mm and depth
of 1.1mm) fa improved flexibility. A shape memory alloy wire (2.0mm diameter) was used as a
tendon to bend the needle during insertion. The needle was pushed in axial direction using a linear
motorized stage. Needleeiding during insertion was realized by pulling the tendon using a
manipulation systenigure5a). An ultrasound machine (Chison, Eco 5) witBildson L7 Linear
Array US transducer was used to visualize the needle inside the tissue. A Maxon motor was used
to move the US transducer time axial direction to scan the needle. Transverse US images were

captured along the needle shaft for shape estimation (explained in next section).

() (b)
Figure 5. (a) Tendordriven active needle, and (b) ultrasotgudded robotic needle insertion
system.

16



2.1.2.3D Needle Shape Estimation
Figure 6 schematically shows how our method can be used in prostate brachytherapy to
capture transverse US images and estimate the 3D shape of the needle while curved inside tissue.
In this work, we have used a second order polynomial function to model the nesoe She

function is defined by

W Owa wa o @)
Od O a © 2)
aa a ©)

Where| is the needle insertion depth and the valielsd ftd and G o are the
coefficients to be defined. The valueandy represent the spatial position of the needle within the
tissue, whilezis the depth of the US image. To find the coefficients of this function, position data
(3D coordinates of the needle cross section) from three US images are required for complete
parametrization.

To recognize needleds cross section in t
techniques were applied to the images. Our image processing algorithm includes cropping the
image to the region of interest (ROgpnverting itto grayscale image, and thresholding. The
enhanced image of the needle is then used to determine the needle centroid. Blob detection is then
applied to identify pixels within the crosectional area of the needle. Ultimately, the algorithm
calculates thecentroid of thisarea andassgns local coordinates. The coordinates are then
translated to global coordinates to find the needle cross section position.

A MATLAB code was developed to calculate the coefficients of the polynomial function
based on three special coordinates along the needle shaft. The polynomial was then used to

estimate and plot the 3D shape of the needle after bending inside tissue.
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Figure6. Ultrasoundguided prostate brachytherapy. Transverse US images (obtained by inserting
transrectal US transducer into the patient) are used in this work to edti@a&B shape of the
needle.

To evaluate the accuracy of our method in needle shape estimation, the 3D shape of the
needle predicted by the polynomial function was compared with the true shape of the needle
captured by two cameras. The cameras were positioned to capture the tapearidves of the
needle inside the phantom tissue.

The mean area error between the estimated shape of the needle and the measured shape of

the needle captured by the cameras was calculated. The mean area error was then divided by the

insertion depth to evaluate the average error of our method in 3D sbagle estimation.

2.2. Results and Discussion

Figure7 compares the needle shape estimatdfdour method (explained in Secti@ril.2
with the measured shape of the needle captured by the two cameras. The coordinates of the needle
shaft scanned by the US are also shown in the figure. About 600 coordinates were captured by the

US along the 70mm of insertion depth; however, only threendfes along the needle shaft were
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used to find the coefficients aquatiors (1) and (22) and fully model the 3D shape of the needle.

US images at transducer depths of 20, 40, and 60mm were used to model the 3D shape of the
needle inFigure 7. Our method was successful to estimate the 3D shape of the needle with an
average error of 0.6mm compared to the measured needle shape obtained from the camera image.
Choosing different US images at different insertion depths results in slightly difeererdage

error in shape estimation.

— Estimated 3D shape of the needle
- - Needle shaft scanned by the US
Needle shaft scanned by the cameral

X (mm) 0 y (mm)

Figure?. Estimated 3D shape of the needle using 2D ultrasound imé&tesneedle shaft.
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Chapter 3.1 NTEGRATI NG ROBOT ASSI STED U
TRACKING AND 3D NEEDLE SHAPE PREDICTION FOR

REAL -TIME TRACKING OF THE NEEDLE TIP IN NEEDLE
STEERING PROCEDURES

Needle insertions have been used in several minimally invasive procéotudéesynostic
and therapeutic pur pos e gipisaRiempoltanttinformatiorpironsedle i o n ¢
steering systemsl hi s wor k introduces a robot assisted
integrated with a needle shape prediction method to provide 3D position éd¢dée tip. The

tracking system is evaluated in phantom and ex vivo beef liver tissues.

2Konh, B.,Padasdao,B. Bat sai khan, Z., and Ko, S. Y., 2021, il
3D Needle Shape Prediction for Real time Tracking o
Robot. Comput. Assist. Surg., 17(4), p. e2272. highs.org/10.1002/rcs.2272.

BK: Concept development and fiound of writing

BP: Writing, equal contributiorin experiments and data analysis

ZB: Equal contribution in experiments and data analysis

SYK: Concept development ardding

nt e
fot
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3.1. RoboticsNeedlel nsertion System

3.1.1.Tendon-Driven Active Needle
Figure8s hows t he tendon dri ven dexibilityvretissnee e d| e
The prototype was fabricated with a superelastiool cannula 2.00 mm outer diameter (OD)
and 1.60 mm inner diameter (ID), slotted with three small slits (each 1.1 mm de2planch
wide). The needle tip was made with a shiagpel tip with anmangle of 30°. The bevel tip was
prepared by embeddiramothersuperelastioi t i nol tube at a 30A angl e

adhesive followedby polishing the assembly

Figure8. Tendondriven active needle

3.1.2.Motorized NeedleM anipulation System
A Velmex motor (Velmex, Inc.vas used to pulhe tendon cable in axial direction and
consequently bend the actineedle. The Velmex motor was programmed in Python to control its
shaft rotation at a desiredte when commanded. The needllanipulation system was mounted

at the back of the needle insertisgstem (explained in the next section) for intraoperative
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manipulationof the needle. The needle used in this study bends in a horizoated upon

actuation of a single tendon

3.1.3.Robot-AssistedUltrasound Tracking

A robotic needle insertion system (shown Rigure 9) was developedo insert and
manipulate the active needle inside tissue. The neeségtion system consists of (i) a linear
motorized stage (Velmex, Incof 6 € mr e s ol Eiguie® (), for sxmbmonementn
(insertion)of the needle inside the tissue; (ii) the needle motorized maniputbemmounted
at the back of the needfer needle manipulation; (iii) an US machine (Chison, ECO 5) and a
camera (Arducam 8MP 1080P Auto Focus USB Camera Module) to track the needle tip in real
time; and (iv) a lineastage motor (Maxon motor) to move the US #mel camera on top of the
needle tip for trackingln this work, the needle tip was tracked using 2D transversarid§e
feedback. In the transverse method, only the cros®seaf the needle appears in the US images.
To obtain US images in redime, a frame grabber (Epiphan Av.io HD, Epiphan Systems) was
usedto read the US images from VGA port of the US system (Chison B @&nd transfer them
to a computer via a USB port. A Python progr@xplained below) was developed to capture the
image streaminfrom the USB port. For transverse tracking, the original imghg0x 720 size)
were first cropped into 71% 560 size to focus othe area of interest. A Gaussian Blurringsw
then performed on thienages to identify the local maxima and allocate coordinates toendie

position.
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Figure9. (a) Nedlaipuation system to pull the tendon cables and bend the active needle.
(b) Needle insertion in a phantom tissue. (c) Ultrasound transducer and a USB camera mounted
on a linear stage to track the needle tipeialtime. (d) Robotic needle insertion system.
3.1.4.Image ProcessingAlgorithm

A Python code (described Figure10) was developed to enableo bot assi st ed
and steering of the active needle insidetibgue. In this program, the needle movethaxial
direction with aconstant velocity of 1.0 mm/s. The 2D US transducer is placed perpendicular to
the needle insertion axis (as showrfFigure9d). In order to estimate the needle tip position, the
US image plane mushove with the needle tip. Therefore, the transducer needs to (walie
adjusted velocity) along the insertion axis according toniedle tip motion, considering the
needle curvature. A slower spe@d7 mm/s) is chosen for the transducer upon missing the needle
tip at any step. We performed four experiments in which the speed ad$heansducer was

reduced to 60%, 70%, 8Q%nd 90% of the neediesertion speed upon losing track of the needle
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tip. Decreasing thé&ransducer speed to 70% of the needle insertion speed resuttes least
incidents of lost positions during a needle insertion task tlzem@by the speed of 0.7 mm/s. As

soon as the needle tip appearsgha images again, the transducer accelerates to move with the
needletip. This process is followed for the whole insertion depth. The posfitine needle tip

and the US transducer is saved at a rate of 15Hz. At each step, a 2D US image is processed (via an

algorithm showrnn Figure10) to identify the needle tip position.

Move US Transducer in z Direction: 1mm/s
Start Needle Insertion as soon as the Needle

Tip Appears in the US Image Save Initial

Positions of the Obtain a

| Needle Tip and New US

Move Needle in Axial (z) Direction: 1mm/s the US Image
[ Move US Transducer in z Direction: 1mm/s ]I Transducer Move US
Transducer in
¥ z Direction:
Perform Image Processing > ~ 1mm/s
Move US Transducer

o —

/’ \ in z Direction:
0.7mm/s
| (i) Crop the Image to the | A .

Region of Interest (RIO) Needle
(i) Convert to Grey Scale (" Save Previous Insertion Stop
(iii) Apply Threshold Position of Needle Tip Complete Insertion
(iv) Assigna Local ROI (__and US Transducer ) ?

(v) Apply Blob Detection

(vi) Find Pixels for Needle
Cross Section

(vii) Find the Centroid

(viii) Assign Local Coordinates

(ix) Find Global Coordinates DS

(x) Return Needle Tip Position |

Needle Save Position of
Tip Needle Tip and
Found? US Transducer

Figurel10. Flowchart of the program to enable @ahe tracking of the needle tip and image
processing to identify the needle tip during a needle insertion task

Our system processes the 2D US images to estimate nequbsitipn. The tigosition is
important in path planning, steering amanipulation of the active needle in the phantom tissue.
The USimage provides radial cross section of the needle. However, the csleafse of the needle
in the US images (shown Figurell) is usually deformed by an artefact known as reverberation.

This artefact, usually referred to as a comet tail artefact (CTA), appedrSini mages wi t h
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shaped structure of equally spaced eclad@sg the sound wave. An image processing algorithm
isprogrammed n Pyt hon to | ocate the centoftbeindedl®f t he
affected by the CTA. The algorithm consists of a serieésiage processing techniques. The blob
detection identifies thepixels in the cross section of the needle (i.e., circular area ofetheie

with diameter of 2.0 mm). The centroid of this area is identifiedhe needle tip positiohe

image processing algthm (Figurell) first enhances the USages using a series of basic image
processing techniques, includirggopping to the ROI, converting to grayscale image and
thresholding.The threshold value was chosen to minimize the CTA effectenhhanced image

of the needle is used to determine the neeeidroid. The blob detection is then applied to identify

pixels thatard ocated in the cross secti onaalgoritmea of
estimates the centroid of this area assigndocal coordinateslhe coordinates are then translated

to global coordinatet find the needle tip position.

Extracting of
Tracking
Box

Thresholding

—

I Retrieving
| Position

Selecting Finding
Largest Center of Area

Figurell. Image processing technique to identify the needle tip in 2D transverse ultrasound
images
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3.2. Design ofExperiments

3.2.1.Needlelnsertion in Phantom Tissue- CaseStudies

A transparent phantom tissue was developed for our needle ingdegisnThe phantom
materi al was a pol yviMayfaaunrigco.) vite 3:1(r&i&/ & plastg e | ( N
(PVC suspension) teoftener that gives an indentation elastic modulus of about 25.6kP 825
that is comparable to the modulus of normal prostate t{221é4 kPa)To evaluate the capability
of our robot aimage prdacessing dlgorttonkia idemntify thenrebedle tip position,
threeneedle insertion tests (listen Table2) were performed in thphantom tissue. The active
needle was pushed in axial direction tdepth of 60 mm using the linear motorized stage at a
constant velocitypf 1.0 mm/sCase | describes a passive needle insertion without anytealllmn
actuation. The needle bends inside the tissue due to unbafarmesiat its 30° bevel tip. Cases Il
and lll describe a neediesertion where the active needle is bent at insertion depthsarfd305
mm, respectively, inside the phantom tissue in one diredtierto the cable tendon actuation. The
cable tendon is pulled atrate of 1.0 and 2.0 stepsmsecond, and thereby resulting in a similar
total axial displacement of the tendon (i.e., 4.7 mm) during the nieséltion in Cases Il and IIl.
To evaluate the accuracy of our tracking method, the neededis al so tracked us
based technique (using a USB came&)ng the needle insertion tests. The camera was installed
on thefixture adjacent to the US transducer. Therefore, the camera ad& tinensducer move at
the same velocity during the needle insertiests. This movement wasonsideredwhen

calculating theposition of the needle tip in real time.
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Table22 Three case studies designed to eval
tracking method in phantom tissue

Experiment Insertion Manipulation Motorized Axial

number depth (mm) depth (mm) manipulation displacement of

rate (steps/s) | the tendon (mm)
Case | 60 N.A. N.A. 4.7
Case I 60 30 1.0 4.7
Case lll 60 45 2.0 4.7

3.2.2.Needlel nsertion in Ex Vivo BeefLiver Tisswe

uat e

A total of five random needle insertion tests were performed in-&ive)beef liver tissue

(Figure12), which was acquired from a lodalitcher shop and tested on the same day. Different

curvatureswere realized inside the tissue to a depth of 70 mm, and the capabiity image

processing

wasevaluated.

and

r o Imethod ta islentifysanhddraick thieSheetle tigp o keal tinge

Figure12 Robofassisted ultrasound tracking of the needle tip in ex vivolhesftissue
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The US images of the needle insertions in the beef liver tissue nogier than the
phantom tissue. These images provide a better represerghtimman tissue compared to the
phantom tissue, althougtot comparable with the real operational practice in human. Exahple
an intraoperative unfiltered US image and the identified needleidippur image processing
technique are shown irigure13a andb, respectively.The US images were processed with the
image processing algorithm and its capability to identifyntbedle tip was evaluated. The lateral
and vertical positions of theeedle tip were captured aadalyzedo estimate the number of lost
needle tip positions during the needle insertion tests. The US imegesaved at a sample rate
of 15 Hz, resulting in 1051 images in 70mm of needle insertion depth. A MATLAB code was
developedtofitda econd order polynomial to twdssehownat er al
in a previous work of the authoes, h at a s potyromidl cao estineate the eed shape
of a needle inside tissweith a reasonable accuracy. The polynomial was then used to identify
outlier positions that arcatedat afarther distance compared tite standard deviation of the
position data. Upon completion of theedle insertion tasks, the needle was scanned (i.e., scanning
method)by moving the US transducer from the entry point to the needle fipddhe needle
shapeLosi ng real time track of tbUeefliveréssug Huetot i p w
the lower quality of the US images. The shape prediction method proposed in the next section was

integrated with h e UST tdAcompensate for the lost positions.
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(@) (b)
Figurel13. Ultrasound (US) image obtained during a needle insertion task in ex vivo beef liver
tissue: § captured US image anl)(USimage processed by our imgg®cessing technique.
The needle tip is identified and marked by the red circle

3.2.3.3D NeedleShape Prediction
Figure14 schematically shows our method to capture transversendes and use them
to estimate the 3D shape of the needle wbiler ved 1 nsi de tissue. A se

function was used tmodel the needle shape. The functi@ne described in Secti@ril.2

To find the coefficients of this functiomosition data (spatial coordinates of the needle
cross section) frorthree US images were used for complete parametrization. A MATtdR
was developed to calculate the coefficients of the polynofuration based on three special
coordinates along the needle shatie polynomial was then used to estimate and plot the 3D
shape othe needle after bending inside tissliee needle was divided into seven segments (each
10 mm long)and the shape of the needle was e di ct ed u s potympmialsirceaahd or d
segment. The polynomials were defined ugihaginfiltered position data (without removing the

outlier positions)and (ii) filtered position data (when the outlier positions r@moved). The
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accuracy of this method to predict the needle shegmeestimated by both methods for the five

needle insertion experimentsthe beef liver tissue.

X
} z Image | Image 2 Image 3
y ;
z(i)=z(l)

x(i), y (i), z(i) |US Tracking

[

x(), y(1), z(1) Shape Prediction

Ly

Position Data

Figure14. Needle tip position obtained ilyh e r obot assi st ed andther asoun
needle shape prediction meth@iagram shows calculation of error at a specifedle insertion
depth

3.3. Resultsand Discussion

3.3.1.NeedleTip Tracking in Phantom Tissue
Figurel5 compares the lateral position of the needle tipobtameda t he R AUST m
and the vision bcamsem)dforthetorde®iperiments [[sieGable2gCases
llandl | | i nclude tendon dr i v e npratess ahtl therebyeamighern g d L
needle deflection. The spikes that are seen in Cases Il and Il are associated with the mistraced
positions due to poor identification of the needle tip in the in@geessingTable 3 lists the

maximum and average error of the needleraipking for the three case studies.
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Figurel5. Needle tip lateral position tracking via ultrasound images and camera

Table3. Average and maximum error reattime robotassisted US tracking of threeedle tipin
phantom tissue

Max Average Error at Max total Max vertical
error error (mm) 60 mm | displacement (mm)| displacement (mm)
(mm)

Case | 0.67 0.35 0.58 6.33 0.58

Casell| 1.32 0.56 1.18 10.36 1.83

Case Il 1.17 0.48 1.17 14.28 4.15

The error is estimatdualy calculating the distance between the lateral position of the needle
obtained by the US and the camera. The average and max@maoms(absolute values of error)
for all cases were less than 0.60 and BB, respectively. Tracking was less accurate at higher
insertian depthwhich is likely due to the constant speed of the transdBtease note the tracking
error at 60 mm of insertion deptisted inTable3. Figure16 shows the absolute error in needle

tracking for the threaeedle insertion experiments listedliable2 in the phantom tissue.
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The real time tracking err or wasralsonbtedthatas e s

the tracking is more accurate at early stageseeflleinsertion. This work (as explained in the

next sections) aims tase the position data obtained by the US tracking in earlier stagles of

needle insertion to predict the 3D shape ofrtbedle andise thenformation to compensate for

any probable lost positions inrealtimiehe ver ti cal (out of plane) d
is shown inFigure 17. The vertical displacement of the needle tip Vess than 3 mm during

needle insertions to adepthof 60 mkp pl i cati on of the proposed th
insertionsinside the phantom tissue showed that the needle tip ctradi®d with an average

error of less than 0.60 mm. The processingg was in milliseconds, which allows the method to

be integratedvi t h US gui ded needl e procedinmreattmeéso pr oV

valuable information to surgeons or robots perforntimgge tasks.
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Figurel?. Vertical displacement of the needle tip tracked by the ultrasound
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scanned by the US (right) for fiveeedle insertion tests in ex vivo beef liver tissue. The outlier
positions for lateral and vertical positions are marked with asterisk synilatdsal and vertical
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3.3.2.NeedleTip Tracking in Ex Vivo BeefLiver Tissue

Figurel9s hows t he real ti me needmnheedeinsegionpests i t i 0
inside the beef liver tissue. Both lateral and vertaditions of the needle tip are plotted. The
real ti met p®@sndadlnes toifp found by t hewhRthhUST me
scanned positions of the deflected needle are shown onithg ht f or compari son.
polynomial was fit to the datgateral and vertical positions) to identify outlier positions that are
located farther than the standard deviation of the data. The coeffiofehts polynomial fits are
found with 95% confidencbounds. The outlier positions are markeithvasterisk symbols for
lateral and vertical positions in both tip tracking and scanning plbes.outlier positions were
counted to identify the numberofigsto si t i ons during t he rTabel t i me
4 lists the maximum displacement of the needle tip,sthedard deviation of the position data,
and the number of outiggosi ti ons for both real time tip I
experiments. The position of the needle tip at the end of the nasdtéon process found by the
R AUST met hod agresmeenti(differemce gfbd®d dm and average of 0.29.18
mm) with the scanning metho@he standard deviations of the lateral aredtical displacements
of the needle were found usitig tracking and scanning methods. Average standard desation
were 0.75, 1.00, 1.21, 1.12 and 1.46 mm for Livei§,Irespectively. Thenost accurate tracking
was for Liver 1 with a maximurdisplacementf 3.29 mm, and the least accurate tracking was for
Liver 5 with a maximum displacement of 4.76 nm with the variance coming from the
inhomogeneity of the liver tissu&he number of outlier positionsere listed for lateral and
vertical displacements in tip tracking asdanningmethods andhen were used to estimate the
percentagef positions lost. In total, 1051 positions were captured by the US iAdGhem of

needle insertion depth. The average lost positions W¥¥e 17%, 17%, 14% and %ilfor Livers
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1i 5, respectively. The leaahdhighestnumber of lost positions were observed for Livewith

the lowest needle deflection) and Liver 5 (with the highestle deflection), respectiveligure
199shows the 3D positiohratkedebyeahet RmMAUBG®e k
the needle shape scanned by the US upon completion of the needle insertion task. $hewplots

the second order pol ynomi Hb. The didtance errortbétveeenghes i t i
real ti me pos tipgandtme pasition of the scaneed dekedte at the same depth is

listedin Table4. A reasonable agreement (average maximum and ereamof 1.45+ 0.90 and
0.71+0.36 mm, respectively) was foubdtween the fitted curves on the tip tracking and scanning

position data. The best agreement (maximum and mean difference of 0.60.28dnm,
respectively) was observed for Liver 1, while the waggeement (maximum and mean difference

of 2.88 and 1.21 mnmespectively) was found for Liver 5.
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Figure19. Comparison betweenthe 3bosi ti on of the needl e ti
ultrasound (US) tracking method aiiet needle shape scanned by the US upon completion of the
needle insertion tasks in ex vivo beef liver tissue, wheamdy are the lateral andertical
displacements, respectively, and the insertion depth
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3.3.3.Integration of 3D Needle Shape Prediction with Robot-
Assisted USTracking for RealTime Tracking of the Needle
Tip

The needle shape was found for seven segments (each 10 mrofltmgneedle via the
method explained ifection3.1.4 Threetransverse US images were chosen in each segment for
parametrizatiorof the polynomiafunctions andconsequentlyoundthe 3D shape of the needle.
The insertion depth at which these thikgimages are obtained is important as different locations
of the USimages result in different accuracies in shape prediction. A stadyperformed where
US images at various depths were chosémtopolynomial fits. The depth of the initial US image
and the deptdifference of the following two US images were changed to fintbéisé polynomial
fit. It was found that deeper US images and imagés larger depth dierence (the wider gaps
between the three Uigages) result in more accurate shape predictions. It wasetieed that
choosing the initial US image at an insertion depthbofm results in more accurate predictions,
as the initial stagesf the needle do not represent needle curvature at deeper positichss
work, each segment was divided into three subsegmenthealasdt US image in each subsegment
was chosen for parametrizati@overall,three US images). A typical plot of a needle inseriion
the beef liver tissue (Liver 5), with a high number of ouphesitions, is shown ikigure20. Re a |
ti me R AUST oidalst pgloted forecengpdrison. iThe ppikes are the outlier positions.
The needle shape was found using unfiltered position(Begare20a) as well as filtered position
data Figure20b). It can beseen that the outlier positions have resulted in an inaccurate shape
prediction for Segments 2, 4, 6 and 7. A reasonable agreb&etsveen the shape prediction and
the needle tip positions wésund when the outlier positions are removed (filtered datahawn
in Figure20b. Figure21 shows the 3D shape of the needle for needle insedsis in Livers 15
predicted for each segment of the needles.olitleer positions are removed for shape predictions.
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T he r e a ltracking malso 8hBwn in the figure for comparison. The distarroe between

the robot assisted rshape predictiomevasddend tuging thekfollomgng a n d

equation:

(A) (B)
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60 < 60 \
J ;\
50 50 L g
Rl
'II Predicted needle shape for Segment 1
40 40 ¥=- Predicted needle shape for Segment 2
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N 304 : 30 Predicted needle shape for Segment 5
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Figure20. Needle shape prediction with (A) unfiltered (before removing the outlier positions)
and (B) filtered (outlier positions removedBta for a needle insertion test in ex vivo beef liver
tissue. Needle insertion in Liver 5 with the highest number of outlier positions is shown

Q wQ wa wQ wa 4)

whereQ s the distance error at the deptho@i the needlénsertion task, and Qo "Chi ah
andw & are the lateral and verticpbsitions of the needle found by US tracking and the lateral
andvertical positions of the needle found by shape predictiethod, respectively. The area
error was first calculated and théivided by the 70 mm of insertion depth to find the average
error.

Table5. Distance error between needle tip positions fodoypthe needle shageediction
met hod and t h e trackomdpoethodarses vive beefdiverdiSuists the average

and maximum error in shajpeediction for the whole needle insertion task to the depf® ohm.
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The error is found for unfiltered and filtered positidata. It was found that removing outlier
positions improvesshape prediction (decreases the average error) by @®%verage. The
maximum error was also improved a greatexteri (about 86%on average). The large
improvement wagealized by removing the outlier positions that are extremefydar the median

of the position data (e.g., maximum errof7a36 mm in Liver 4). The needle shape prediction on
the filtered data was able to match the negpllgosition found by the UBacking with an average
andmaximum error of 0.37 and 0.68@m, respectively. The most accurate shape prediction was
foundfor Liver 3 (average error and maximum error of 0.08 and ®ui8 respectively), while the
least accurate prediction was fouiod Liver 5 (average error and maximum error of 0.9 and 1.51

mm, respectively).
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Figure21l. Needle shape prediction in seven segments of the needle for five needle insertion tests
in ex vivo beef liver tissue

Finally, the 3D needle shape prediction was used to compensate for the lost positions
(outierposi tions) in real time tracking of the ni
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position of the outliergjifferent segments of the needle were used to fit the polyndunietions.
The three US images were chosen using the metkigdined above to haveasonablaccuracy.
The position of theneedle tip for the five tests in the ex vivo beef liver tissues (LiYEB is
shown inFigure 22. This method was able to track the neeijtepositions withreasonable

accuracy for stéeongeodtroll oop needl e
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Table4.

An al

yses

of t he

need.I

e

position dat a: real
method and the needle shape scanned by the US after the full needle insertion in ex vivo beef liver tissue.

1

Max total displacement of needle

Standard deviation of the needle positions

Max outlier position data from fitted curves,

Distance error between

tip (mm) tracked by US (mm) i.e., lost positions (number/percent) fitted polynomials on the
position data of tip
tracking and scanning
(mm)
Tip Scanning Tip Tip Scanning Tip Scanning Tip Scanning Tip Scanning
tracking tracking | tracking tracking tracking tracking
- Lateral Vertical Lateral Vertical Lateral Vertical Lateral Vertical Max Mean
scanning
Liver 1 3.29 2.94 0.35 1.03 0.49 0.97 0.50 71 191 103 122 0.6 0.28
(2%) (18%) (10%) (12%)
Liver 2 3.64 3.49 0.15 1.54 0.68 1.24 0.57 214 175 147 178 0.79 0.49
(20%) (17%) (14%) (17%)
Liver 3 597 5.53 0.44 1.85 0.26 2.02 0.71 82 283 141 196 1.31 0.91
(8%) (27%) (13%) (19%)
Liver 4 4.34 4.27 0.07 1.72 0.67 1.47 0.64 171 122 153 130 1.68 0.66
(16%) (12%) (15%) (12%)
Liver 5 4.76 4.30 0.46 1.91 1.38 1.57 1.00 96 265 260 270 2.88 1.21
(9%) (25%) (25%) (26%)
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Tableb. Distance error between needle tip positions fdupthe needle shageediction method
and t he r o btradkinganetbod i exevido bé&keSliver tissue

Experiments Unfiltered position data Filtered position data: outlier
positions removed
Average (mm) Maximum (mm) | Average (mm) Maximum (mm)
Liver 1 0.31 3.17 0.18 0.51
Liver 2 0.62 5.08 0.19 0.42
Liver 3 0.27 1.62 0.08 0.18
Liver 4 0.74 7.36 0.48 0.73
Liver 5 1.08 6.46 0.90 151
70 « Liver |
I | Liver 2
1 Liver 3
411 —Liver 4
60 \‘ \ Liver 5
50 J
40 J
E )
N30
20
11|
10 J
s 0
0 4

y (mm) X (mm)

Figure22 Real time tracking of of he hee e dlirasoundag s v 5 &
tracking method and 3D needlleape prediction for five needle insertion tests in ex vivo beef liver
tissues
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Chapter 4. STEERING A TENDON-DRIVEN NEEDLE IN HIGH -
DOSE-RATE PROSTATE BRACHYTHERAPY FOR PATIENTS
WITH PUBIC ARCH INTERFERENCE 3

This work introduces a tendairiven needle that can bend inside the tissue around the
pubic arch to reach the target positions inside the prostate that are difficult or impossible to reach.
Contribution of this work relies on the needle and feasibilitgists that are specifically designed
and shown for HDR BTThe steerable needle introduced in this work provides reliable bending in
tissue to reach desired positions in prostate gland in LDR and HDR BT. The-thidamneedle,

its flexible sectionandbending capabilitieare specifically designed for application in HDR BT.

3Konh, B.,Padasdao, B. Batsai khan, Z., and L e-DeveneNeedle ih HighDoge0 2 1 , fi St
Rate Prostate Brachytherapy for Patients with Pubic A
Robotics (ISMR), Atlanta, GA, USA, ppi I. https://doi.org/10109/ISMR48346.2021.9661565.

BK: Concept development and fiound of writing

BP: Writing, equal contribution in experiments and data analysis

ZB: Equalcontribution in experiments and data analysis

JL: Concept development and validation
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4.1. Robot Design and Modeling

4.1.1.Needle Bending Requirements

This section describesscenariomh er e t he patientdés pubic ar
insertions in HDR BT. While Pubic Arch Interference (PAI) is more common for patients with a
large prostate gland (volume larger than 5F)chit has also been observed in patsewith a
narrow pubic arch and a relatively smaller progtb28]. PAI has been reported in 10% of patients
with early stages of prostatarwer, to whom HDR BT is not a treatment opfid®3]. Bending
the needles makes it possible to reach the target areas that are not reachable by straight needles
and to avoid puncturing urethra during needle placements. To estimate the amount of needle
bending required to reach the target positions, we densi scenario with 20mm of interference
between the pubic arch and the prostate glgigaire23 shows the coronal view of the workspace
in BT with needles inserted from the perineum into the prostate. In HDR BT, around 15 needles
are placed inside the prostate to cover the prostate volume. However, as shown in the figure, some
target areas are notachable with straight needles. The dimensions of the prodtatam( in
width, 31mm in height, and 38mm in lenythere chosen based on average prostate size for male
patients between the ages of 40 and133]. It was estimated that abo28 degreesof angular

deflection is sufficient for the needle to reach the target (marked in the figure at a depth of 140mm).
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Figure23. Coronal view of the workspace for prostB{e. Needles are inserted from the
perineum into the prostate.

4.1.2.N e e d FlexiblesSection Design and Manufacturing

Figure24a shows the flexible section of a tendiniven needle designed to curve inside
the patientds body to reach the hidden target
obstacles like the pelvic bonEigure 24b shows the dimensions of each notch that needs to be
carved on the need&annulafor improved flexibility. The needle was made from a nitinol tube
(Johnson MattheyLondon, UK) with an outer and inner diametefr 1.80 and 1.5mm,
respectively, and tube thickness of Zbthm. A series of seven sithnotches were made on the
needle tube to create a compliant section for additional flexibility. The notches were made in the
lab using normal machining tools such as a Dremel, andthitracutoff discs with a thickness
of 0.3mm and 0.127mm (GesswéirCo., Inc., Bridgeport, Connectit). A custoramade fixture
(shown inFigure24c and d) with a micrometacrew gaug&vas used to hold the needlannula
for machining (carving the notches) and move the nesataulaprecisely to set desired spacing
between the notches. The properties of the nitcasinulaare affected by the temperature.
Therefore, the cutting process was performed slowly to allow an effective heat transfer and to

avoid high temperatures. The dimensions of saeennotches are listed iffable 6. Previous
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studies have show{66,125] that other manufacturing methods suchesectrical discharge
machining(EDM) or femtosecond lasaran produce round and smooth corners to alleviate stress
concentrations. In this work, however, we relied on trawiti machining process. The average cut
width (t), depth @), and distance between the notchdg (vere 0.14+0.05, 1.57+0.03, and
0.36x0.06mm, respectivelyhese values were selected to result in the required needle bending to
avoid PAI (as described later in Sectibt.3. A round hole was made on each slit with an average
diameter of 0.59+0.03mm. The overall length of flexible section was 5.86mm. Two small holes
(diameter of about 0.25mm) were made close to the distal end of the needle for a tendon (a nitinol
wire of 0.13mmdiameter) to get attached tbhe tendon was looped in and out of the holes to
secure its place. Tension okttendon assures bending in the direction of the notches.

The flexible section of the needle was covered with a biocompatible ultrathin (wall
t hi ckness o f-gradesheanshrinkntebing madé from Polyolefin (Cobalt Polymers,
Cloverdale, CA) to prevent rupture of the tissue at the sharp edges of thesndtahbeat shrink
cover also provides insulation to avoid tissue from entering the nesahella Figure24e and f
show the needle in straight and bent configurations, respectiledyheat shrink cover slightly
increased the outer diameter of the needle to 1.876mm and the stiffness of the flexible section. The
flexible joint of the needle was bent about fdegrees when covered with the heat shrink tubing.
To test the insulation, the neediannulawas filled with waterwith both ends of theannula
closed The cover was observed for 30 minutes, and no leakage was repbeeghsharpened

cylindrical needle tip was blocked with epoxy to avoid tissue penetration into the oaedida
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Figure24. (a) Design of the flexible section of theedle, (b) notch parameters, (c)

manufacturing fixture, (d) ultrehin cutoff disc, (e)heat shrink cover, and (f) deflected shape of

the needle.

Table6. Dimensions of the seven notches carved on the needle tube. Units are in mm.

Notch 1 2 3 4 5 6 7

Cut Width ¢) 0.12 | 0.15| 010 | 0.09 | 0.13 | 0.12 | 0.25
Round Hole Diameterdf) 061 | 061 | 0.61 | 0.60 | 0.60 | 0.55 | 0.56
Cut Depth ¢) 160 | 159 | 158 | 1.53 | 1.52 | 1.56 | 1.60
Distance between the Notchek)( N.A. | 029 | 045 | 0.40 | 0.30 | 0.39 | 0.34

To make sure that the needle can host a source of radiation in HDR BT, or to pass the
radioactive seeds (0.8mm diameter and 4.5mm long) in LDR BT, a flexible guidewire of 0.65mm
diameter was passed inside the needleula while the needle was bent at its maximum bending

angle. The study showed that this guidewire can easily pass inside thecaeediewhen bent.
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4.1.3.Modeling and Bending Calculations
The following equationg x pl ai n met hods to estimate the

flexible section. For the notched needbBnnulapresented in Séon 4.1.1, the neutral bending

axiscan be calculated using the following equafib26]:

o (5)
whereddis the distance moved from the center of the tubandi are the outer and inner
radii of the tube, respectively, abid and%o. are found by the following equations:

%o D1 Qe (6)

%o O @t (7)

whered is the notch depth.fié bending angle for eadotch can be estimated as

s (8)
whereh is the height of the neutral axis for each, which in this work is equal to the height

of the cut width 1). For the notch dimensions shownFigure24b, an angular deflection of 4.58

degrees is estimated on each notch. Assuming that the total deflecistributed equally along

all the notchesthe bending angle of the whole flexible section can be found by multiplying the

bending angle of each notch by the number of notches (seven notches for our needle). Thereby, an

overall bending angle o$iabout 32 degrees ftire notched needle introduced in this work.

4.1.4.Tendon Actuation and Control System
The tendon tensiorF] that is required to realize a specific bending on the flexible section
of the needle should be carefully estimated to design a functional actuation and systawl.
The following equation was used to calculate the amount of toiqueduired to pull the tendon

and consequently bend the needle, similar to lowering down a load on a lead screw:
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wheredm, |, f, and| arethe mean diameter of a single thread, tendon displacement,
coefficient of friction, and thread angle, respectively. Wgerimentally determinethat a
maximum of 22N of force (tendon tensidn)be sufficient to bend the notched needle inside the
tissue. With this amount of tensicem 8mm diameter lead screfxiction coefficient of 0.25or
threaded pairs of sieel and dry screyand thread angle of zero for square threads, the maximum
torque was estimated as 0.41Nm. Accordingly, a DC motor, gear, and a lead screw combination
was selected and purchased frislaxon Group, Sachseln, Switzerland

The combination consists af 0.5W Maxon DC motoRE 8 @8 mm, Precious Metal
Brushe$ with an 8mm diameter lead screw driveR 8 S @8mm, Metric spindle, M3 x5), and
an encoder MR, Type S, 100CPJI The Maxon motor wasonnected to a computer using a
EPOS4 digital positioning controllandpr ogr ammed using Maxon Gr ou|
Studio.Thes of t war e communicates with Maxon Groupos
the user control on the position, velocity, and acceleration profiles. In order to run under the safe
conditions of the motor system at high incremental position value (60@@08mm), an rpm of
10000 was chosen with a 500rpm/s acceleration and deceleration rate to form a trapezoidal profile.
This allows the system to quickly reach the target posititimout overshootig.

Two holders were designed, and 3D printed to tloédmotor and the lead screw (shown
in Figure25a). Holder 1 housinga nut on the lead screw, was mounted on a 50mm long linear rail
guide (MGN9H) to translate rotational movement of the motor shaft to linear movement. Holder

2 was stationary, keeping the position of the motor. The holders are designed to ensurdé¢hat all t
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movement occurs on the same plane. The free end of the tendon was fixed ol Hdideendon

is threaded through the midpoint of the holder to ensure colinear movement

Flexible 7%
Section/ .=

Linear,;).'l"ruck

Figure 25. Actuation and control system to pull the tendon and bend the notched needle: (a)
assembled on a linear stage for needdal insertion, and (b) Maxon motor, gear box, and lead
screw.

The Maxon motor, gear box, aneatl screw (shown ifrigure 25b) were mounted on a
linear stage for needle insertion tests in a phantom tissue. The Maxon motor pulls the tendon
axially tobend the needl@he motor is fixed to a linear motion guide rail with the lead screw nut
being held in place on a movable platform along the rail. The needle is considered at the maximum

bending position when the cable tendon is pulled 3mm in the axial direction thentiichesn

the needle touching each other.
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4.2. Resultsand Discussion

4.2.1.Needle Deflection in Air
Figure26 shows the angular bending of the needle realized by the tendon displacement in
air. The error bars were calculated to show the higher and lower values in five trials. A maximum
bending angle of 30.92 degrees was demonstrated, which is comparable wibtendimg
calculations of 32 degrees estimated in Sectidr2 The agreement was reasonable considering

our methods for manufacturing the needle.

3B r 30.92
30 | 25.76 ]
Q .
= | '
8’1325 19.34 ..
< 220 }
o2 13.63 ..
S P15 |
0 9.36 ..
210 4.9 5_7_7 .......
L
0

0.0 0.5 10 15 2.0 25 3.0
Tendon Displacement (mm)

Figure26. Angular bending of the tendairiven needle in air.

4.2.2.Needle Bending in Phantom Tissue to Avoid PAI
Figure27a shows the deflection of the needle when inserted to a depth of 140mm into a
phantom tissue. The phantom material was a polyvinylchloride (PVC) g&l ihMnufacturing
Co., Ft. Worth, TX), with 3:1 ratio of plastic (PVC suspension) to softener that givedentation
elastic modulus of about 25.6+0.6kR&0] that is comparable to the modulus of normal prostate
tissue (22.74 kPa).
To avoid the obstacle in the scenario described in Settloh the needle was first inserted

to a depth of 120mm and then the tendon was pulled at a rate tfrem/3. while being inserted
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to a depth of 140mm to reach the target. The insertion and actuation rate were realized by
motorized stages and the values were set manually in ada@gemannerlUpon completion of
the needle insertion tasthe needle was scanned by an ultrasound device (Chison, Eicoilay
to [117]. The lateral and vertical position of the needle tip are showrigare 27b and c,
respectively. The 3D position of the needle tip is plotted in Figure 5d. Thef-place

displacement of the needle was due to its slightly curved sifdbe needlgrior to actuation.
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Figure27. (a) Tendordriven needle inserted to a depth of 140mm into a phantom tissuédjb)
lateral, vertical, and 3[positionof the needle tip scanned by an ultrasound device, respectively.
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To show the needleds capability to bend
measured at different tendon displacement ranging from 0.5mm to 3.0mm. The angular bending
of the needle inside the phantom tissue is showRigure 28. Smaller needle bending was
observed inside the phantom tissue compared to the needle bendindgriguagZ6), which was

expected due to the tissue resistance.
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Figure28. Angular bending of the tendalriven needle in phantom tissue.
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Chapter 5. ESTIMATION OF TISSUE MOVEMENT IN NEEDLE
INSERTION TASKS USING AN ACTIVE NEEDLE *#

This work presents a method to estimate tissue movement during a needle insertion task
within tissue The movement of the tissue is valuable information for guidance, navigation, and
control of the needle inside tissue towards the target. A needle insertion task was performed using
an active needle bending. Ultrasound images were captured at four neediemn stages of initial
needle insertion, bending, unbending, and neediaction. Ultrasound images were then analyzed

to estimate the tissue movenan each stage.

4Padasdao,B. Bat sai khan, Z., Brown, D., Moore, J. Z., and k
Needle I nsertion Tasks Using an Active Needle,d Procee
DMD 2022, Minneapolis, MN, pp.i5b. https://doi.0g/10.1115/DMD20221008.

BP: Writing, equal contribution in experiments

ZB: Equal contribution in experimesnt

DB: Data analysis

JZM: Conceptevelopment

BK: Concept development
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5.1. Materials and Methods

5.1.1.Experimental Setup with Ultrasound Tracking

A tendondriven active needld={gure29) [127] was used in this work for needle insertion
tests in phantom tissues. The needdmnulawas a superelastic nitinol tub@oodfellow
Cambridge Ltd Cambridge, UK)with an outer and inner diameter of 1.8mm and 1.5mm,
respectively with a wall thickness of 0.15mm. Six cuts were made on the needle tube (average
width of 0.3mm and depth of 1.4mm) to create a flexible secliba.cuts were made in the lab
using normal machining tools such as a Dremel and-thitnacutoff discs with a thickness of
0.2mm (Gesswein & Co., Inc., Bridgeport, Connecticut). A custwade fixture was used to hold
the needle in place for machining (creating the cuts) and to move the needle precisely at
predetermined intervals between the clitee phantom tissue was a polyvinylchloride (PVC) gel
(M-F Manufacturing Co., Ft. Worth, TX), with 3:1 ratio of plastic (PVC suspension) to softener

with anindentation elastic modulus of about 25.6+0.6.kPa

Figure29. (A) Unbent tendosdriven active needle used in this work to determine tissue
movement during needle actuatioB) Bent configuration of the active needleserved in air.

A shape memory alloy wire (0.13mm diameter) was used as a tendon to bend the needle

within the tissueTwo holeswith adiameter of about 8Bnmwere made close to the distal end of
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the needlg¢o hostthetendon The tendon wakoped in and out of these holes, applying pulling
forces to the needle, and thereby bending in the direction of the cuts.

The active needle was visualized inside the tissue asif®machine (Chison, Eco 5) with
a Chison L7 Linear Array US transducer. Sagittal US images were captured along the needle shaft
to estimate tissue deformation (explained in next section).

To control actuation of the needle, a pulling mechanism combination shdviguire 30
was developedThe combination consists of a 0.5W Maxon DC m@RIEE 8 @8 mm, Precious
Metal Brushes) with an 8mm diameter lead screw drive (GP 8 S @8mm, Metric spindle, M3 x 0.5),
and an encoder (MR, Type S, 100CPT). The Maxon motor was connected to a computer using a
EPOS4 digital positioning controller via USB andgmo a mmed wusi ng Maxon Gro
EPOS Studio. The software communicates with M
give the user control on the position, velocity, and acceleration profiles.

Two holders were designed, and 3D printed to hold the motor and the lead screw (shown
in Figure30). Holder 1, housing a nut on the lead screw, was mounted on a 50mm long linear rail
guide (MGN9H) to translate rotational movement of the motor shaft to linear movement. Holder
2 was stationary, keeping the position of the motor. The holders are desigamsdire that all the
movement occurs on the same plane. The free end of the tendon was fixed on Holder 1. The tendon

is threaded through the midpoint of the holder to ensut@ear movement.
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Power supply, Ses

Guide block

Tendon-driven
active needle w

Figure 30. Actuation and control system to pull ttendon and bend the needle assembled on a
linear stage.

The Maxon motor, gear box, and lead screw were mounted on a linear stage for needle
insertion tests in a phantom tissue. The Maxon motor pulls the tendon axially to bend the needle.
The motor is fixed to a linear motion guide rail with the lead screw eiagtheld in place on a
movable platform along the rail. The needle is considered at its maximum bending position when

the tendon is pulled 3.5mm in the axial direction, causing the cuts in the needle to touch each other.

5.1.2.Tissue Movement Analysis
The recorded ultrasound videos were processed in MathWorks (Natick, MA) MATLAB

using the Farneback estimation methdtle Farne#ick algorithm produces an image pyramid,
with each level having a lower resolution than the previous one. When a pyramid level larger than
one is selected, the algorithm follows the points at different resolution levels, beginning with the
lowest. By incresing the number of pyramid layers, the algorithm can manage larger point
displacements between frames. The algorithm illusBapgramid levels and a neighborhood size

of 9 pixels. Quiver plots of the optical flow were generated for every 10th frame of the video

during the sections of the video in which the needle was inserted, bent, unbeatraotdd The
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direction and magnitude of each resulting vector field were plotted by pixel to generate useful

visualizations of each stage of theedleinsertion.

5.2. Results and Discussion

Figure31 - Figure34 showdifferent stages in a needle insertion process: (i) initial needle
insertion, (ii) needle bending, (iii) needle unbending, and (iv) needle retrathierstages were
chosen to closely mimic the clinical needle insertion task. From there, the greatest tissue
environment disturbance could be determined, however many factors such as needle tip design,
needle material, etc. could influence this motibine needle was inserted into hleantontissue

to a depth of 45mm (entering from the left side of the US image).
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Figure31. (A) Quiver plot of 2D sagittal UBnage with vector field overlay for needle insertion,
(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the
amount of pixel movement.
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Figure32. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle bending,
(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the

amount of pixel movement.
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Figure33. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle unbending,
(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the

amount of pixel movement.
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Figure34. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle retraction,
(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the

amount of pixel movement.
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Oncethe needleeacheghis depth, the tendon is pulled tealizea 46degree bend within
thephantomtissue causinghe needle tip to bend downward in the US images. The tendon is then
relaxed to unbend the needle. Finally, the needlestimctedfrom the phantomtissue. The
subfigures | abeled as AAO0O in the feoatorilfiddwi ng f
overlayed on th&S screen illustrating the tissmeovemenfrom frame to frameThe subfigures
| abel ed abedie&ionaldimge plaof thetdirection that each pixel mové&ach color
signifies a direction that corresponds to the color wheels with the color white signifying
movement Fi nally, the subf i gagmteds sulfageplatthe dmoans @ Co
that each pixel movewith the darker areas signifigg greaterdisplacement. Needleetraction,
bending, insertion, and unbending stages resulted in largest to lowest tissue movement,
respectivelyWhi | e i tdéds possible to obt atitherelgtiongshipt i f i ab
to theamount ofdamaged caused to the tissluging the task is something that needs to be looked

into for future work.

64



Chapter 6. MODELING AND OPERATOR CONTROL OF A
ROBOTIC TOOL FOR BIDIRECTIONAL MANIPULATION IN
TARGETED PROSTATE BIOPSY?®

This work introduces design, manipulation, and operator control of a bidirectional robotic
tool for minimally invasive targeted prostate biopsy. The robotic tool is purposed to be used as a
compliant flexure section of active biopsy needles. The desigreabbotic tool comprises of a
flexure section fabricated on a nitinol tube that enables bidirectional bending via actuation of two
internal tendons. The statics of the flexure sedli@presented and validated with experimental

data. Finally, the capdlby of the robotic tool to reach targeted positions inside prostate gland is

evaluated
SPadasdao,B. Bat sai khan, Z., Lafreniere, S., Rabiei, M., an
Robotic Tool for Bidirectional Mani pulation in Target e

Robotics (ISMR), Atlanta, GA, USA, ppi 1. https://doi.org/10.1109/ISMR48347.2022.9807514.
BP: Writing, experiments, and coding

ZB: Needle creation and experiments

SL: Coding and experiments

MR: Modeling anddata analysis

BK: Concept developmemrind 29 round of writing
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6.1. Robot Design and Modeling
6.1.1.Robotic Tool Design with a Bidirectional Flexure Section

Figure35a shows the design of the robotic tool with its 11.25mm long flexure section for
bidirectional bendingA bidirectional compliant section was designed to avoid the need fér 180
rotations to reach the other side of the workspace environifeatobotic tool was fabricated on
a nitinol tube (Johnson Matthey, London, UK) with an outer and inner diameter of 2.00 and
1.47mm, respectively, and tube thickness of 0.265mm. A series of six and five notches were carved
on the nitinol tube towards theft and right side, respectively to create a compliant section with
bidirectional bending capabilities. The notchesenaade in the lab using typical machining tools
such as a Dremel, and uHifain cutoff discs (Gesswein & Co., Inc., Bridgeport, Connecticut),
explained in our previous publicatifi®8]. In that previous publication, a cover, more specifically
a heatshrink wrap, was used to cover the notches. However, in this work a cover was not utilized
due to the trials being done completely in air and not in a tissue or-lilssuEnvironment.
Regardinghe machining setup, the workspace{out f di sc di spl acement al
length) for the notch creation is limited. Due to this limitation, six and five notches were the
maximum number of notches that could be made on the needle to ire@aiti® bending angle.
Misalignments, in fabrication of meswmale robots, could be a source of error in robot
manipulation and control. Therefore, precise fabrication is desired, which significantly improves
the controllability of the robotic tool, avoiding errors from misafigamts and frictionwith highly
precise manufacturing methods, an omnidirectional compliant section might be feasible with a
spiratlike design. Figure35b shows the robotic tool in bent position via actuation of Tendon 1

and 2 Figure35c showghe schematiof two adjacent notches with the dimensions listebable
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7. The average cut widttn), depth ¢), and distance between the notchg¢svere 0.394, 1.676,
and 0.582mm, respectively. The values were selected to result in bidirectional bendirg@p to
degrees suitable for prostate biopsgpecially for those with larger than average prostates

Two circular holes (diameter of about 0.25mm) were made close to the distal end of the
cannulaon the left and right side to house two internal tendons (nitinol wire of 0.13mm diameter).
The tendons were looped in and out of the holes to secure their attachment. Tension of the tendons

assures bending in the direction of the notches.

(@) \L 2mm 11.25mm
>
| 0| E——
Internal Tendons T Flexure Section for Bidirectional Bending

s o Tendon 2 Actuated

40

oA
30

PN

4 i 0 Tor—— 10
X (mm) 20 "

Figure35. (a) Schematic design of the robotic tool with tenddmen bidirectional bending
capablities, (b) fabricated tool in actuated position, (c) dimensions for modeling the flexure
section, and (ddangeof motion of the robotic tool to reach targeted positi@asker objects)
inside prostate ghd.
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The notch pattern carved on the nitisahnuladetermines its bending properti€sgure
35d shows the rangef-motion (ROM) analysis of the robotic tool, reaching a large volume within
the prostate gland. The prostate model and the marked targets (shéwgure 35d) were
downloaded from The Cancer Imaging Archj¥89i 131]for an anonymized patient with prostate

cancer, undergone MRJS fusion prostate biopsyhe prostat@olume of the patient is measured

via MRI prostate segmentation at the time of biopsy. Each target is marked by a uroradiologist and

later acquired as a single core during ultraseguided biopsy by a urologist. The model was used

to show the robotictdo6 s r eac habi

Table7. Dimensions of the notches carved on the nitinol tube to fabricate the robotic tool. Units

ity i

n t

he

prostate

are in mm

Notches on the left side 1 2 3 4 5 6
CutWidth (h) 0.424| 0.396| 0.396| 0.368| 0.368| 0.382
Cut Depth ¢) 1.597] 1.750] 1.785] 1.591| 1.501| 1.556
Notches on the right side 1 2 3 4 5
Cut Width ) 0.41 | 0.396| 0.417| 0.389| 0.389
Cut Depth () 1.666| 1.805| 1.576] 1.791| 1.819

. 0.711| 0.596| 0.642| 0.558| 0.626
Distance between thNotches ) |55 5441 0,530/ 0.585] 0.485

6.1.2.Flexure Section Modeling

For the bidirectional robot tool, the bending angle of a flexure section J with 0

notches is calculated H84]:

— —— (10
where — is the bending angle of a single notch, which can be calculated using
Castiglianods second theorem as:
— — (11
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where"Yis the total internal energy arid is the moment at the cross section, calculated

using the following equations:
Y -, . —QaQw (12
0 w 0 0 Qi (13
whereQis the depth of the notchb,is the distance between two notchiesandi are the
outer and inner radii of the nitinol tube, respectivélys the young modulus, an@ is the force
applied oneachotchThe effects of gravityt @rGondndd consi ¢

are width of the section, second moment of area with respect teattie, yand the moment applied

to the section, found by the following three equations:

R (14)
O —00 & (15)
b 0 Qi 1 - (16)

whereo is the tendon diametdfor a needle with the average dimensipnsvhich™O is
used to calculate the average bending for a single ity inTable8, we have estimated about
4.90 degrees of bending for each not€his will result in 28.58 and 19.8d@egreesbending
towards left and right directionsespectively Since this is an average bending per notch, the
theoretical values will vary depending on this approximation.
Table8. Average dimensions of the robotic tool
i i Q o o 0 O 0O

(mm) | (mm) | (mm) | (Mm) | (mm) (N) | (GPa)
1 0.735|/1.676| 0.13 | 0.582| 11 | 0.981| 24.3
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6.1.3.Experimental Setup to Evaluate Bidirectional Bending
To evaluate bending angle of the flexure section of the robotic tool, different weights were
hung to the bottom of the internal tendons to produce tendon tension of up to 8N. The angular
bending of the robotic tool towards each direction was capturedchynara andhen estimated
using ImageJ software. The bidirectional angular bending of the robotic tool was compared with

the model and reported in Sectier2

6.1.4.Tendon Actuation and User Control System

To develop an actuation system to pull the internal tendons and realize bidirectional
bending, the tendon tensioci®) needs to be estimated. The torqUetlat is required to pull the
internal tendon and realize bending on the flexure section can be fouSection4.1.4
Considering that the robotic toolirtendedo bend inside the prostate gland, a maximum of 22N
of force (tendon tension) wasxperimentally determinetb overcome resistance of the tissue.
Using 22N of tendon tension, an 8mm diameter lead screw, friction coefficient of 0.25 for threaded
pairs of a steel and dry screw, and thread angle of zero for square threads, the maximum torque of
0.41N.m was estimatl. Accordingly, a DC motor, gear, and a lead screw combination from
Maxon Group, Sachseln, Switzerland (showFkigure36a) was selected.

Two similar combinations consisting of a 0.5W Maxon DC motor RE 8 @8 mm, Precious
Metal Brushes with an 8mm diameter lead screw drive (GP 8 S @8mm, Metric spindle, M3 x 0.5),
and an encoder (MR, Type S, 100CPT) were installed on a base to pull the twal itetiedons,
separately.

For each Maxon motor (shown Fgure 36a), two holders were 3D printed to hold the

motor and the lead screw. The first holder (housing the spindle on the lead screw) was mounted
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on a linear rail guide to translate rotational movement of the motor shaft to linear movement. The
second holder was stationary, keeping the position of the motor. The holders were designed to
ensure that all the movement occurs on the same plane. Threntrex the tendon was fixed on

the first holder. The tendon is threaded through the midpoint of the holder to ensure colinear
movement.

A program was coded on the host computer that executes at runtime. The functional block
diagram is shown ifrigure36b. A DualShock 4 controller, commonly used with BlayStation
4 video game console, henceforth caBliewmath t he 0]
The computer interfaces with two EPOS 4 controllers via separate micriA38B connections.

Each EPOS 4 controller interfaces directly with a Maxon motor, designated as left and right in the
figure, via wired connection.

The code was entirely constructed in Python, using CTypes, a foreign library conversion
tool, to convert the EPOS Command Library from C to a Pyfhiendly format. PyGame was
utilized to interface between the operator and the code.

For purposes of this study, emphasis was placed on repeatability of the motion of the
motors over repeatability of the motion of the robotic tool. Since there is negligible resistance in
air, the repeatability of tclos torthe emeatabitty oftbeo| 6 s
mot orsé motion. Thereby, the code was simplif
instead of actions that track the tip of the robotic tool.

The motors were controlled via EPOS Command Library functions that use input values
called increments. Through measurement, it was determined that 100,000 increments were equal
to 1mm of linear displacement of the lead screw attached to the motors. [grealdbe system

uses incrementation to tighten the tendons attached to the motors and decrementation to loosen the
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tendons. When thé R br@® L budton is pressed, the motors are programmed to increment or
decrement by 50,000 increments, or 0.5mm, depending on the assumed location of the tip. For
example, if the robotic tool @irectedto bend to the right, then tiieR budton will be pressed on

the joystick. If the robotic tool is in a neutral position at the start, the tendon responsible for bending
the tip to the right will be tightened 0.5mm by the motor, in this case the right motor. If the robotic
tool is bentto the left at the start, then instead of tightening the right tendon, the left tendon will
be loosened by 0.5mm instead. Due to the mounting positions of the tendons on the robotic tool,
there is no need for the loosening tendon (in this example, theehefbn) to loosen once the
robotic tool is bent past the neutral position. More clearly, and still using the same example, if the
robotic tool isbentto the right the left tendon does not need to be loosened once the robotic tool
has bent to the right dfie neural point. Lastly, if the robotic tool is bent to the right at the start,
then the right tendon will be tightened by 0.5mm like in the case of a neutral starting point.
However, if the robotic tool is already bent to the point where it is neasingaximum limit, then

the incrementation will not ensue, and the user will receive a message displayed on screen that the
maximum bendin@nglehas beemchieved This is to protect the needle from unnecessary stress.

For convenience, other buttons on the joystick were programmed to facilitate data
coll ection; they are not necessary to the vit
i s programmed to decrement botangnodd®risutttoord o
the current position of each motor on the computer screerd ®bditton sets a new home location
for the motors, acting as a zeroing method. dhee p t bution elécates the motors to the home
position set at the motor initializan time, or the new home location designated by pushing the
0 >bidtton, whichever was more recent. Thé o u cbutpmdbarctivates the motors and exits the

program.
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Joystick for teleoperation control

Holders

Linear
guides

Maxon motors

Robotic tool
Lead screws

(@)
Wired USB
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Connections Epos 4
— Maxon Motor 1 (Left) ——  Tendon 1
Controller
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Joystick Power
(DualShock 4 : Computer Supply
Controller) Wireless ‘
Bluetooth
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(b)

Figure36. (a) Actuation system and user control to realize bidirectional bending on the robotic
tool, and (b) functional block diagram for joystick user controller.

6.2. Resultsand Discussion

6.2.1.Robotic Tool Bidirectional Bending via Tendon Tension
Figure37a andFigure37b showsthe angular bending of the needle realized by the tendon
tension in air towards left and right directions, respectivélye dashed lines represent the
trendline for the relationship between bending angle and tenEhererror bars were calculated

to show the higher and lower values in three trials. A maximum bending angle of 28.33 and 19.72
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degrees was demonstrated, which is comparable with our bending calculations of 28.58 and 19.87
degrees (estimated in Secti6ri.? in left and right directions, respectively. The agreement was
reasonable considering our methods for manufacturing the nd2adéeto those fabrication
limitations and the differing number of notches on each side, the bending ranges are different for
each side with careful observation to avoid plastically deforming the needle. With the different

number of notches, the stiffnesstioé needle is alsdifferent,so the ranges reflect that.
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Figure37. Angular bending of the robotic tool vs. tendon tension towards (a) left, and (b) right
directions.

6.2.2.Robotic Tool Bidirectional Bending Controlled by Maxon
Motors

The Maxon motors were used to realize bidirectional bending independently towards left

and right directions using tendon displacement conkiglure 38a andFigure 38b shows the
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angular bending of the robotic tool towards left and right directions, respectively using tendon
displacement control. The error bars were calculated to show the higher and lower values in three
trials. Maximum bending anghda displacement control using the Maxon motees 31.67 and

18.69 degrees towards left and right directions, respectively, which is comparable with tendon
tension controfrom Section6.2.1(shown inFigure37). Once the maximum bending angle has
been reached, the motors are stopped to prevent plastic deformation or fractures within the
bidirectionalneedle. In this work, each trial starts with pulling the tendons taut so the hysteresis

effect from the nitinol tendons is neglected.
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Figure38. Angular deflection of the robotic tool via actuation of (a) Tendon 1, and (b) Tendon 2
towards left and right directions, respectively.
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6.2.3.Joystick User Control of the Robotic Tool in Targeted
Prostate Biopsy

To evaluate the capability of the robotic tool to produce sufficient bidirectional bending to
reach the target positions inside prostate gland, an experimental setup (shogurei39) was
developed with assigned target positions inside a pelvis male model (hBARSCI, Rochester, NY).
The targets were 3D printed and mounted inside the pelvis modaptesentreasonable
geometric relationships. Top view (shownFkigure 39 insert) was provided to the user via a
camera placed on top of the pelvis model. It was shown that the range of motion provided by the
bidirectional bending of the robotic tool was sufficient to cover the marked tésgberes on the
endpoints of the 3D printYhe targets were randomly generated to demonstrate the workspace of
the bidirectionaheedle.The robotic tool and the actuation system are intended to be installed on
a needle insertion robotic system (presented in our previous publidafd@$33) to enable axial

needle insertion and rotation for 3D targeting inside the prostate gland.

Figure39. Operator control of the robotic tool to reach marked targets inside a prostate gland
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Chapter 7. TELEOPERATED AND AUTOMATED CONTROL OF
A ROBOTIC TOOL FOR TARGETED PROSTATE BIOPSY °©

This workpresents a robotic tool with bidirectional manipulation and control capabilities
for targeted prostate biopsy interventions. Targeted prostate biopsy is an effectivayinuzge
technique thatesults in detection of significant cancer with fewer coreslawgr number of
unnecessary biopsiesmpared to systematic biopsyhe robotic tool comprises af compliant
flexure section fabricated annitinol tube that enables bidirectional bending via actuation of two
internal tendonsand abiopsy mechanistor extraction of tissue samples. The kinematic and static
models of the compliant flexure sectiors, well as teleoperated and automated control of the
robotic toolare presented and validated wigéxperimentsFinally, the capability of the robotic
tool to bend,reach targeted positions insidephantom tissue, and extract a biopsy sangple
evaluated.Contribution of this work relies on integration of the biopsy mechanism with the
needl ebs bidirectional f | exur eandteleoperative anch t
automated control of the needle tip movement via two actuation systems with DC motors as well

as stepper motors.

5pPadasdao,B. Lafreniere, S., Rabiei, M., Batsaikhan, 2Z.,
of a Robotic Tool for Targeted Prostate Bi opsy.
https://doi.org/10.1142/s2424905x23400020.

BP: Writing, experiments, and coding

SL: Coding and experiments

MR: Modeling and data analysis

ZB: Needle creation

BK: Concept development and®2ound of writing
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7.1Robot Mechanism Design, Modeling, and Control

7.1.1.Tendon-Driven Bidirectional Robotic Tool: Design and
Development

Design of the robotic todkaturesan 8.92nm longcompliantflexure sectionshown in
Figure 40a) for bidirectional bendingThe flexure sectionis actuated via two internal tendons
(nitinol wires of 0.13mmdiameted) n t hi s wor k fAbidirectional ben
bending towards the two tendons on opposite sid@srobotic tools fabricated on guperelastic
nitinol tube (Johnson Matthey, London, UKith an outer and inner diameter of 2.00 andhm,
respectively, and tube thickness af®nm. Six notchesarecarved on the nitinol tuben left and
right sides to create a compliarfiexure section with bidirectional bending capabilities. The
notchesaremade inthelab usingconventionaimachining tools such as a Dremel, and tiitia
cutoff discs (Gesswein & Co., Inc., Bridgeport, Connecticut), explained in our previous
publicationg128].

Figure40b showsa schematiosziew of two adjacent notches with the dimensions listed in
Table9. The cut dimensions vary due to oudlatp fabrication methodlhe average cut widtn),
depth @), and distance between the notchgsafe 0.46 1.45 and0.40mm, respectively. The
valuesare selected to result in bidirectional bendiofjabout +55degrees suitable for prostate
biopsy, especially fopatientswith larger prostatglands

Two additional small notchgdiameter of about 0.25mraje fabricated on the nitinol tube
on the left and right sides towards the distal end of the flexure section for tendon attachments.
Figure40c showghe tendorattachment to one side.

The flexible section is covered with a bi

medicalgrade heat shrink tubingFigure 40d) made from Polyolefin (Cobalt Polymers,
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Cloverdale, CA) to prevent rupture of the tissue at the sharp edges of the notches. The heat shrink
cover also provides insulation to avoid tissue from enterinqiéeglle cannulalhe insulating

cover slightly increasethe outer diameter of thebotic tooland the stiffness of the flexible
section. To test the insulation, thexure sectiowasfilled with water with both ends of theeedle
cannulaclosed. The cover was observed for 30 minutes, and no leakage was réw tamer

is removed for the mnipulation and control experimertkthis work

Neutral axis for one notch Bidirectional bending

Flexure section { Nitinol tube

OD 2.00mm

Tendons Slot for tendon ID 1.70mm
attachment

(b)

Insulating cover

X

Tendon routing
Flexure section in

bent position

(d)
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() 7

10+

30

20
X (mm)

10
(e)
Figure40. (a) Design of the tendedriven bidirectional robotic toand its compliant flexure
section (b) model parameters fohe flexure section(c) fabricatedrobotictool with six notches
and a small slot for tendon attachment on each side (one side is sfailexure section in
bent position withheat shrink coverand (eyange of motion of the robotic tool to reaelngets
insidethe prostate gland.

The notch pattern carved on the nitihabedetermines its bending properti€sgure40e
shows the rangef-motion (ROM) analysis of the robotic tool, reaching two targets within the
prostate gland. The prostate model and marked targets (sh&wguie40e) are downloaded from
The Cancer Imaging Archivgl29i131] for an anonymized patient with prostate cancer,
undergone MRUS fusion prostate biopsythe prostatesolume of the patient is measured via
MRI prostate segmentation at the time of biopsy. Each target is marked byaaliaogist and

later acquired as a single core ultrasegadied biopsy by a urologist. The model is used here to

analyze the robotic toolds reachability in
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Table9. Dimensions of the notches carved on the nitinol tube to fabricate the robotic tool. Units
are in mm.

Notches on the left side (from proximal to distal el 1 2 3 4 5 6
Cut Width q) 0.54 0.43 0.46 0.43 0.47 0.41
Cut Depth €) 1.42 1.36 1.59 1.37 1.38 1.27
I;Ir:)éc);hes on the right side (from proximal to dis 1 > 3 4 5 6
Cut Width ) 0.47 0.49 0.53 0.47 0.42 0.44
Cut Depth €) 1.62 1.65 155 1.46 1.44 1.35

0.37 0.45 0.32 0.36 0.44 0.40
0.42 0.31 0.44 0.39 0.52

Distancebetween the Notches) (

7.1.2.Biopsy Mechanism
A biopsy tray, detached fromEMNO Evolution® Biopsy Devicdrom Merit Medical
Systems, Inc(shown inFigure41la), is attached to a flexible guidewire and inserted inside the
robotic tool as a stylet. The biopsy tray features a sampling notch length of 20mm with a sharp
four-sided needle bevel for easy insertion. A small chamfer is made on the proximal end of the
biopsy tray for the flexible wire to get epoxied to without an increase in the overall diameter.
Figure41b shows integration of the biopsy mechanism with the robotickaplre41c shows the

fabricated prototype and its ability to manually deploy the biopsy tray in bent positions.

J

Flexible guidewire

Biopsy
mechanism

\

.......

Compliant flexure
section

(©

Figure4l. Integration of biopsy mechanism with the robotic tool: (a) biopsy tray and flexible
guidewire, (b) fabricated prototype, and (c) operation of the biopsy mechanism (bending at
flexure section and employing biopsy tray for extraction of tissue samples).
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7.1.3.Flexure Section Modeling
For the robot toolwith U notches, the bending angle thie compliantflexure section

(— ) is calculated by84]:

- —= (17
where— i s the bending angle of a single notec
theorem as:
— — (18)

where"Yis the total internal energy afid is the moment at the cross sectigiven bythe

following equations:
Y -, . —QaQw (19
0 w 0 0 Qi w (20
whereQis the depth of the notch,is the distance between two notchiesandi are the
outer and inner radii of the nitinol tube, respectivélys the young modulus, an@ is the force
applied on each notch.should be noted thahte ef f ect s of gravity arent

0 w,Ow, andb are width of the section, second moment of area with respect teattis, yand

the moment applied to the section, found by the following three equations:

R 1)
o —00 @ 22
b 0 Q9 i i - 23
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whereo is the tendon diameter. Ftite average dimensions listéa Table10 (in which
"Ois used to calculate the average bending for a single notch), we have estimated about 10 degrees

of bending angle for each notch, and an overall bending angle of 55 degrees for the robotic tool

Table10. Average dimensions of the robotic t@wld other parameters in the equations.

4] O
OD (mm) ID (mm) d (mm) t (mm) (mm) (MPa) N F1 (N)
2.00 1.70 1.45 0.40 300 83,000 12 0.98

7.1.4.Teleoperated Control and Actuation System for the Robotic
Tool

The actuation setup, shownkigure42a consisting ofwo 0.5W Maxon DC mot@RE 8
@8mm, Precious Metal Brushes with 8mm diameter lead screwsd@R 8 S @8mm, Metric
spindle, M3 x 0.5), and encoggMR, Type S, 100CPT)s used in this work for teleoperative
control Two holdersaredesigned, an8D printed to hold thaxonmotors and the lead scresw
The first holder (housing the spindle on the lead sciempunted on a linear rail guide to translate
rotational movement of the motor shaft to linear movement. The second ®ktationary,
keeping the position of the motor. The free end of the tersdo@d on the first holder. The tendon
is threaded through the midpoint of the holder to ensure colinear movement.

The functional block diagramshown in Figure 42b, is codedin Pythonto enable
teleoperation of the robotic tadlhe program described in this section aiof®cus on thections
that track the motion of the motors insteadhafactions that track the robotic tda¢nding, while
the program explained in the next section aims to provide a proper control for the actions at the tip
of the robotic tool based on desired bending angles

A DualShock 4 controller, commonly used with tRRyStatiord video game console,
henceforth c alisused astthe enastelj dewcs. {The goksiitkrfaces with the
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computer viaBluetooth The computer interfaces with two EPOS 4 controllers via separate
microUSBto-USB connections. Each EPOS 4 controller interfaces directlyonitof theMaxon

motors, designated as left and right in thgure, via wired connection. The codesesa foreign

library conversion tool, CTypes, to convert the EPOS Command Library from C to a Python
friendly format. PyGames utilized to interface between the operator and the cduemotorsare
controlled via EPOS Command Library functions that use input values called increments. Through
measurement, is determined that 100,000 incremeateequal to 1mm of linear displacement of

the lead screw attached to the motors. pragramuses incrementation to tighten the tendons
attached to the motors andaiementation to loosen the tendons. Wherbdthedrd L hudton is
pressed, the motors are programmed to increment or decrement by 50,000 increments, or 0.5mm,
depending on the assumed location of theRgr example, if the robotic tool is intended to bend

to the right, then thé R bufton will be pressed on the joystick. If the robotic tool is in a neutral
position at the start, the tendon responsible for bending tteettip right will be tightened 0.5mm

by the motor, in this case the right motlfrthe robotic tool is bent to the left at the start, then
instead of tightening the right tendon, the left tendon will be loosened by 0.5mm instead. Due to
the mounting positions of the tendons on the robotic tool, there is no need for the loosenimg tendo
(in this example, the left tendon) to loosen once the robotic tool is bent past the neutral position.
More clearly, and still using the same example, if the robotic tool is being bent to the right the left
tendon does not need to be loosened once tlmicdbol has bent to the right of the neural point.
Lastly, if the robotic tool is bent to the right at the start, then the right tendon will be tightened by
0.5mm like in the case of a neutral starting point. However, if the robotic tool is alreadp bent

the point where it is nearing its maximum limit, then the incrementation will not ensue, and the
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user will receive a message displayed on screen that the maximum bending angle has been
achieved. This is to protect the robotic tool from unnecessary stress.

For convenience, other buttons on the joysticprogrammed to facilitate data collection.
The 6 s g u luttoa @s programmed to decrement both motors to loosen both tendons. The
o0t r i buttap digplays the current position of each motor on the computer screénXdi@éon
sets a new home location for the motors, acting as a zeroing methadolpet button i€lécates
the motors to the home position set at the motor initialization time, or the new home location
designated by pushing thexodtton whicheveiis more recent. Thé t o u cbutppadiactivates

the motors and exits the program.

Joystick for teleoperation control

Controllers < Iy

/ :
% Holders

= Linear

guides

'\'z‘{v

Guide block

Robotic tool

&/ o ;
g * ” e
Maxon motors ; \/g-’:l : oo
Viy

Tendons

Lead screws
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Wired USB
Operator ’
Connections Epos 4
— Maxon Motor 1 (Left) ——  Tendon 1
Controller
Joystick Power
(DualShock 4 _ Computer Supply
Controller) Wireless
Bluetooth
i E 4
Connection pos — Maxon Motor 2 (right) ——  Tendon 2
Controller

(b)
Figure42. (a) Actuation system artdleoperative interfaci® realize bidirectional bending on the
robotic tool, and (b) functional block diagram for joystageratorcontroller.

7.1.5.Automated Control

Although Maxon motors present a robust actuation (with sufficient torque and speed) at
their small size, suitable for teleoperated control, they are usually expensive. This section presents
a new actuation system using stepper motors that are bulkiethbaper, to evaluate their
capability to control the robotic todlhe motors, gear boxes, and lead screws are different in the
actuation systems dfigure42 and Figure 43. However, all motors arprogrammedo pull the
internal tendonsTheexperimental setup (shownhigure43) for automated control of the robotic
tool consists of two NEMA 11 stepper motors (ToAuto, Shenzhen, China) attadiaedtd0mm
linear rails.Eachmotoris attached to one tenddimat isresponsible for tighteningr loosening the
tendonsto perpetuate bendingt the robotic tool The motors are wired to DM542T driers
(StepperOnline Inc., New York, NY), whidrerun through Arduino Uno control boadSerial
communicatios areestablished between the Arduino basadd a Python script on a computer
control the tendordisplacementTwo 3D Guidance Model 5%lectromagnetic (EM) tracking
sensors (Northern Digital Inc., Waterloo, Canada attached tahe robotic tool for accurate
characterization of the pose (position and orientation) dfiphaf therobotic toolwith respect to

its neutral axis. The EM sensors are capable of detecting translational and rotational changes in
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pose.The firstsensor ignstalled inside the robotic tot concentratsensing at the tjpvhile the
secondsensor is mounted outside trabotic toolproximally to the notches. Bsecond sensor
providesthe location of the origin and is most useful when aligned with the neutral axis of the
robotic tool;however the exact location can be altered such as being placed insiderobttie
tool similarly to the sensaatthe tip.

The positiondatais recorded in realime to a text fileusing CUBES program(Northern
Digital Inc., Waterloo, CanadaJhe data isecordedn predetermined time intervals and imported
to the Python scrigb characterize the pose of ttedotic tool Once the pose of the tip is known
the script uses a PlBontroller (explained latetp determine the necessary displacement of each
tendon to reachdesiredbending angleThecontrol inputvalues calculated by the PID controller
are generated in pairdpét values of the same magnitude but opposite, sigansure that one
tendon loosens while the other tightens dugntyation Thecontrol inputvalues are sent to their
respective Arduino boards, at which point the input command is processed and turned into a
high/low voltage signato turn the stepper motor and produceesireddisplacementThe time
and pose data duringctuationare recorded via the Python script in a separate text file for
recordkeeping purposes. The script allows for multipleetartp be used in succession, allowing

for a series of movements to be executed and recorded.
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Figure43. Experimental setup to control the tip of the robotic tool at a desired angle.

To properly controlthe motorsto pull theinternaltendons andconsequently realize a

desired bending angle at ttip of the robotic toglkinematic analysis of theompliant flexure

sectionis needed. The kinematic analygrsvidesa relationship betweahetendon displacement

andthe bending angle. Fathe bidirectionalrobotic tool| presented in this workhe kinematic

analysis is as followgB1]:

YO "Q-RRQ [ —Room (24)

whereY0 is the tendon displacementis the bending anglé), is the number of notches,

‘Qis the notch depth, anids the gap between twamnsecutivenotches. The firsind seconterns

refer tothekinematic andhetendon elongatiarrespectively The kinematic terns:

QR 08 OET — (25)
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wherg -is the bending angle of each natethichis part of the total bending andle-

08 J-andi can be foundby:

i Q

- (26)

where( ‘Ois the outer diameter of the tuli®@s the inner diameter of the tube, ands

thediameterof the tendonThe tendon elongation terimapproximatd by:

N~~~

i ROy O 80 —AQN) (27)
where™O is the tendon tension measured experimentaliyO is the tendon
complianceapproximated by theelationship between the tendon length ( , and the

Youngds moadtndl@s dak: t he
(] —_— (28
For the robotic tool presented in this work, the parameters list€dule 10 are fed into
the equationsThe relationship between the force and the bending af@le  —H¥) |, is
obtainedexperimentally as
O Hoohy ™8 X o (29)
Torealizeadesired bending angé the tip of the robotic topa closedoop PID controller

(shown inFigure44a)is designed.

() ATBTEJT “»f PID || G(s) }—T"
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Figure44. (a) Qosedloop PID controlleto realize a desired bending angle on the compliant
flexure section, (bgomparison between tmeferencedesired and output bending angleand
(c) tendon displacemesimulated foithe systeminput

In this figure,Y—is the bending angle outpas well aghe feedbackn the closedloop
systemY— is the referencédesiredbending anglevith respect tahe measured ang(e}, Qis
the error of the systerfQ Y—  Y-), Y0 is the tendon displacemenhosenby the PID
controller andnsertednto the system as an input to set the reference a@yleis the kinematic
model of therobotic toolwith its bidirectionalflexure section The relationship between the
control input ) and the current) the currentQand the motor torque (, and motor torquef(
and the motor stroké/{) are internal motor functions of the matandarecontrolled separately

by the motorcontrollers
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Figure44a is implemented in Simulin@he MathWorksInc., Natick, MA, United States)
to tune the PID coefficient§.hecontrolle® s ¢ a p anbhtchlthe output angle to the reference
(desired) angle is evaluated when teference bendingnglechanges betwee30° to +30°. The
simulation tuned th@ID control gainsasP:1.2, 1:5,andD:0.02.Figure44b compareghe output
angle ¥— and the reference bending angfe<{ ), showingthat theoutputfollowsthe reference
angle Figure44c shows the tendon displacemémdt isset by the controller to reach the reference
angle.

Additional experimental tuning is required when implementiteggcloseedoop controlon
the robotic tool. This is done lmareful observation dhe effecs of each coefficienbn the overall
performance of the systerfihe proportional gain affects the speed of reaching the desigtel
the integral gain reduces the steady state error, and the derivative gain tedacesshootsThe
experimentally tuned PID coefficients are P:0.45, 1:0.0075, u@d5. The system oscillates
between two close values ittv £2° error from the desired angle). Bending experiments are
performed withrobotic toolsand the actuation system to evaluate the controller. For each

experiment, multiple bending angles are selected and provided as an input to the Python script.

7.2. Resultsand Discussion

7.2.1.Robotic Tool Bidirectional Bending via Tendon
Displacement Control

The Maxon motorgareusedin this sectiorto realize bendingt the tip of the robotic tool
using tendon displacement contieigure45 shows the angular bending of the robotic tool using
tendon displacement control. The error mescalculated to show the higher and lower values in

three trials. Maximum bending angle \d&placement control using the Maxon motors is 50.67

91



degrees, which is comparable with our estimations (bending antf® oiegrees) based on tendon
tensionreported irthe previous sectiorOnce the maximum bendimgpgleis reached, the motors

are stopped to prevent plastic deformation or fractures withirothaic tool In this work, each

trial starts with pulling the tendons taut so the hysteresis effect from the nitinol tendons is

neglected.
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Bending Angle (deg

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Tendon Displacement (mm)

Figure45. Angular deflection of the robotic tool via actuationmrnal tendon.

7.2.2.Teleoperated Joystick User Control of the Robotic Tool in
Targeted Prostate Biopsy

To evaluate the capability of the robotic tool to produce sufficient bidirectional bending to
reach the target positions insid@rostate gland, an experimental setup (showrigaire 46) is
developed with assigned target positions inside a pelvis male model (hBARSCI, Rochester, NY).
The targetsare 3D printed and mounted inside the pelvis model to represent geometric
relationships. Top view (shown Figure46 insert)is provided to the user via a camera placed on
top of the pelvis model. Is shown that the range of motion provided by the bidirectional bending
of the robotic tools sufficient to cover the marked targets (spheres on the endpoints of the 3D
print). The targetare randomly generated to demonstrate the wpdce of the bidirectional

biopsy needle. The robotic tool and the actuation system are intendedatertestalled on a
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needle insertion robotic system (presented in our previous publicftigind 33) to enable axial

needle insertion and rotation for 3D targeting inside the prostate gland.

Figure46. Teleoperativeontrol of the robotic tool to reach marked targets inside a prostate
gland

7.2.3.Automated Control of the Robotic Tool in Targeted Prostate
Biopsy

The performance of the controller and the accuracy of trackirgpsst positions are tested
and presented in this sectidfrigure47 shows the angular bending of the robotic tool using the
NEMA 11 stepper motors of the actuation system showrrigure 43. The controlleris
programmedd force the robotic tool to form a sinusoidal bending angle at 0.02Hmagditude
of 20 degrees. Tracking error, which is equal to the difference between the bending angle
measurement via the EM tracker and sle¢point position,wasbetter than ® degrees. These
results show reasonable tracking errors with average value of 1.93 dégeessng error is

slightly larger than 5.0 degrees for the first sinusoidal loop.
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Figure47. Position tracking of 0.02 Hz sinus(g?d using stepper motors: (a) oscillating angular
bending at the tip ahe robotic tool measured by the EM tracker vs. desiredaet positions,
and (b) bending angle tracking error.

In another control experiment, the Maxon DC motors, shown in the actuation system of
Figure 42, were used to generateseusoidal bending angle at 084z and magnitude of 20
degrees The angular bending of the robotic tool and tracking error are shovdgure 48.
Tracking error, the difference between the bending angle measurement via the EM tracker and the
setpoint positionwas better thad.5degrees. These results show reasonable tracking errors with
average value of @0 degreeslt was shown that the tracking error improved using Maxon motors.

The Maxon DC motors generate a higher torque compared to the NEMA 11 stepper motors, and

thereby more suitable to bend the tool in stiffer tissues, where a higher bending force is required.
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Figure48. Position tracking of 0.008 Hz sinusoid using DC motors: (a) oscillating angular
bending at the tip of the robotic tool measured by the EM tracker vs. deshmalrggiositions,
and (b) bendingngle tracking error.

In order to test the system, the robotic tool was actuated inside of a phantom tissue
environment with an opeloop control scheme. Similar to the previous experiment, 20 degrees
was the desired anghteagnitudeput a triangular and trapezoidal wave were formed and shown in
Figure 49 along with the difference between the angle measurement and {h@rgeposition.
Following a triangular waveform, generated a maximum and average error of 4.30 and 0.65

degrees, respectively while the trapezoidal wave showed 4.78 and 0.85 degreesoihmeand

average error, respectively.
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Figure49. Position tracking of DC motors in phantom tissue: (a) oscillating angular bending at
the tip of the robotic tool measured by the EM tracker vs. desirggbsgtpositions following a
triangular wave, (b) bending angle tracking error for the trianguda&ew(c) oscillating angular
bending at the tip of the robotic tool measured by the EM tracker vs. deshmalrggiositions
following a trapezoidal wave, (d) bending angle tracking error for the trapezoidal wave.
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7.2.4.Extraction of Biopsy Samples from Tissue Phantoms
The capability of the robotic tool to bend inside a phantom tissue and extract a phantom
tissue sample is evaluated and shown in this section. The robotic tool is bent inside the phantom
via the actuation and contrsystem, shown in previous section, and then the biopsy mechanism
is deployed manually to trap a phantom tisstigure50a shows the robotic tool in bent position
inside the phantom tissuEigure50b to Figure50d show the biopsy mechanism in futhpen,
half- and fully closed positions, respectivel@nce the tissue resides in the tray, the stress of the

tendonis released, and the neediaetracted.

(a) (b) (©) (d)
Figure50. The robotic tool anBliopsy mechanism used to (a) realize a desired bending inside a
phantom tissue, (b) deploy the biopsy tray, (c) pull the biopsy tray back to trap the tissue sample,
and (d) close the tray to cut the tissue sample.
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Chapter 8. SYSTEMATIC 12-CORE TRANSPERINEAL
PROSTATE BIOPSY WITH MINIMAL ACTIVE NEEDLE
INSERTIONS IN A PATIENT PROSTATE -SIZED PHANTOM

Systematic 1zore prostate biopsy has been an established practice for prostate cancer
diagnosis. The procedure involves extraction of a tissue sample from 12 zones of the prostate gland
for pathologic analyses using at least 12 needle insertions. Tbedpre is usually performed
using straight needles and under ultrasound imaging. We have previously de\(pleyeulis
chapter)an active tendodriven biopsy needle that can bend inside tissue with teleoperative or
robotic control. Thiswork presentsaurc t i ve bi opsy needl ebs capabil
in a patientspecific prostate model, avoiding the urethra, with only two insertiona

transperineal prostate biopsy.

"Padasdao,B. and Konh, B. 6 -Car@®Tadsperifiesl Prostate Biapsyiwith Mininal Active Needle
Insertions in a Patient ProsteéBei zed Phantom, 06 Proceedings of the 2023 D
DMD 2023, pp. 14. https://doi.org/10.1115/DMPD233205.

BP: Writing, experiments, and data analysis

BK: Concept development and®2ound of writing
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8.1. Materials and Methods

8.1.1.Prostate Phantom Preparation
A 3D model from a patientds prostate was
Cancer Imaging Archived34] as MRIUS fusion scans. Using SolidWorks (SolidWorks Corp.,
Waltham, MA), a mold based on the 3D prostate model was crdétpade51) and the molds

were 3D printed using the Prusa i3 MK3 printer (Prusa Research, Prague, Czech Republic).

Figure51. Cross section of the modeled prostate mold. Dimensions are in mm.

The prostatesized phantom was prepared using a ratio of 3:1 regular and soft plastisol (M
F Manufacturing, Fort Worth, TX) and another phantom comprising of just regular plastisol was
created to encase the aforementioned phantom to mimic the human arfagshywith
25.6+0.6kPa that is comparable to the modulus of normal prostate tissue (22.T40RKRa)o
create the phantoms, the plastisol was heated until the mixture is clear in color. The heated solution
is then poured into the mold and cooled until it cures. Black food dye was injected into the-prostate
sized phantom to visually mark the 12 zonesvimch the 12 cores will be collecteBigure 52
shows the top view of the completed phantoms.

99



Figure52. The prepared phantoms with 12 zones circled in red and urethra outlined with dashed
lines

8.1.2.Flexible Biopsy Needle

The tendordriven biopsy needle showniigure53was used in this study. A superelastic
nitinol tube (Goodfellow Cambridge Ltd., Cambridge, UK) with an outer and inner diameter of
2.0mm and 1.7mm, respectively was used as the body with six cuts being made on the tube
(average width of 0.36mm and depth of 1.41mm). This pratacsection that allowed for
additional flexibility. Traditional machining tools such as a Dremel and-tlitracutoff discs
were used to manufacture the body in our lab. Two holes (0.8mm diameter) were made near the
distal end of the flexible section fartendon (0.18liameter shape memory alloy wire) to attach

to. The tendon was looped in and out of the holes to fix it to the needle.

Figure53. Active tendordriven biopsy needle used in this study with the biopsy tray
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8.2. Results and Discussion

The active tendodriven biopsy needle was manually operated to reach the 12 marked
zones in the prostat#zed phantom. To avoid puncturing the urethra, a total of two needle
insertions (starting from the perineum) are required to cover the left andidghtof the prostate.
Active needles provide the ability to bend 30 degrees and reach inaccessibld28&a3nly
three targetso6 zones ar e s howiriguebdardbigute55si de o

Two locations will be in the peripheral zone while the other is part of the central zone.

Figure54. (a) Top and (b) side views of the active tendaren biopsy needle reaching the
targeted locations to the left of the urethra in the prosiaggl phantom.
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Figure54 andFigure55 show the (a) top and (b) side views of the biopsy needle reaching
three target locations on the left and right sides of the urethra, respectively. The most difficult areas
to target are the zones closest to the perineum due to limited space to adpsedigetip

trajectory.

(b)

Figure55. (a) Top and (b) side views of the active tendomen biopsy needle reaching the
targeted locations to the right of the urethra in the prostaéel phantom
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Chapter 9. A MODEL TO PREDICT DEFLECTION OF AN
ACTIVE TENDON-DRIVEN NOTCHED NEEDLE INSIDE SOFT
TISSUE®

This work introduces a new mechanlzased model according to EulBernoulli beam
theory to predict active tendairiven notched needle deflection inside tissue. Needle insertion

experiments have beeonducted in singkayer phantom tissues to validate the model.

8padasdao,B. and Konh, B., 2024, AA Model -Driven Rotcked Needle Def | ec
I nside Soft Tissue, 0o J. Eng. Shitps:/doiMmy/d0.1115/1.40683806.st i cs Thel
BP: Writing, experiments, and data analysis

BK: Concept development and®2ound of writing

103



9.1. Materialsand Methods

9.1.1.NeedleTissue Interactions and Deflection Estimatio
The mechanicbased model is developed based on the ERaenoulli beam theorj136]
to predict beam deflection inside tissue. The theory is valid for deflections that are smaller than
10% of the total length of the beam. This is the case for most Aggsiel interventions including

prostate HDR BT.
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Figure56. Mechanics of an active needle deflection in a-tawger tissue

The input parameters to the model are the needle tip 1Oread the tendopulling force
"O. The following equation shows the overall potenéiaérgy of the system, consisting of the
energy stored in the needle and tissue and the external work applied to the needle during a needle

insertion task,
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~ ~. ~.

Lo YO ® Yo Yo & (30)
wheret 6 is the total stored energy in the systé&wo is the energy stored in the system
due to the needle displacemevis the work applied to the systef, is the strain energy due to
the needle bendingY is the energy stored in the system due to displaced tissisethe work
applied at the tip due to the neetiEsue interactionsy is the work applied by the internal tendons
of the needle, and is the needle deflection.

The strain energy stored in the needle during the inseftois obtained by,

Yo . — —1 Q4 (31)

whered is the horizontal coordinat®i s t he Youig®st medonéedl| eds
moment of inertiadis the needle lengtiQ is the insertion depth, andl ‘O is the needle
deflection shape at the insertion deptlu ehdz.

The equation below show¥ ¢ , the energy stored in the system due to the tissue

displacement,

~.

Yo —, 6T 6 T Qa —. 6T 6 T Qa (32

whered ‘O is the measured path at the tip by th@probe during the insertion task,
andvu are the tissue stiffnesses expressed as force per unit arealayéndissue (for a single
layer tissuey is zero), and is the depth at which the tissue layer and the tissue stiffness changes
(zero for the singldayer tissue). The work applied at the tip due to the neesiee interactions
is,

w 06 Oh (33
where Ois the needle tip force. The work applied by the internal tendons of the needle is,

® Oi 0O -gn (34)
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in which"Ois the tendofpulling force, and—is the bending angle of the need®&placing

Equations 81) to (34) into Equation 80):

L6 . —— Qa—  o0Qu o O Qa— o0

6 Chh Q& "0o Qu O Qb -G (35
RayleighRitz method[137] can be usedo solve this equation to predict the deflected

shape of the needle. The following finite series represent the weighted shape functions,
6 O B naqQ (36)
whered 'Ohy is the weighted shape functiap, & is thei" shape function, an® Q is

the corresponding weighting coefficierit. & thei'" vibration mode and can be found as,
na — OEf- OENE o AT O- Al GE- (37)

wheres andQ are:

Mo (38)
N IiNET@® T 0Ei OER (39
in whichf is a constant. For a cantilever beam (clamiped),! “ "Q -, and thereby

I tof are 1.857, 4.695, 7.855, and 10.996, respectively. By inserting the eg{&&)anto

Equation 86), the following equation is obtained,
L 0 — B 1 aqQQ Qa —, B R aQQ o6 Ou Qa

— B AR&QQ 6 Gu Qa OB A4 4'QQ O QB—n a'QQ (40
wherefy & denotes the second derivativerpfx with respect tax. The condition for

minimizing the potential 6 is— Tfor’Q phasde.
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6 A a@Qav. B AAEQQ 6 Tu R aQd 0 O QR
@D

Equation 41) can be simplified into,

B « QQ 7] O O Qs = (42

in which,
« 00N an aQa v, NanaQaov, nNan aQa 43
T a 0, o0 0unaQav, o6 Qun aQa (44)

The simplified equation can be written in matrix form as,
5 UQA  "Op O Qp— ma (49)

where the matrices are:

. E,\ ° T Q
5 €& E é;m €é;q & (46)
. E o ] Q
“Qcan be obtained as,
Q B O O Qp— m (47)

Finally, the needle deflected shape can be obtained by inserting Equaiipasd @47)

into Equation 40).

9.1.2.Robotic System for Active TendorDriven Needle Insertion
and Tracking

The robotineedle insertion system, showrFigure57, was used to insert and actuate the
active needle inside a phantom tissue. The robotic system consists of (i) a needle manipulation

system Figure57b), which consists of a Maxon motor that is programmed to pull the tendons and
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actuate (bend) the active needle, (iy@machine (Chison, ECO 5) and an Arducam USB camera
(Figure57c) to track the needle tip in real time, and (iii) a linear motorized stage (Velmex, Inc.,
Bloom- field, NY) and a guide templat&igure57d) for axial movement (insertion) of the needle
inside the tissue.

A robotassisted ultrasound tracking-&JST) method was used in this work to track the
needle tip in real time. Using 2D transvet$&images, the FAUST method visualizes the cross
section of the needle using a series of imaging techniques to identify the coordinates of the needle
tip. A Python code was programmed to capture the image streaming from a USB port connected
to a frame grabdr (Epiphan Av.io HD, Epiphan Systems, Ottawa, Canada), and perform image
analyses. It is important for théSprobe to nove with the needle tip. Therefore, a motorized linear
stage was assembled and programmed (actuated by a Maxon motor) to cat8ptiobe and
follow the needle tip during the needle insertion process. The Maxon motor was programmed in
Python to manipulate its velocity with respect to the needle insertion velocity to ensure visibility

of the needle tip iUSimages. For further detail please see our previous publicgfiarsl 33]
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Figure 57. (a) Robotic needle insertion system consisting of (b) a needle manipL
(actuation) system to pull the tendon and bend the active needle, (c) an ultrasound pr
camera mounted on a linear stage fohABST of the needle tip in singlayer phantontissue,
and (d) a linear stage and grid template for needle insertion

Figure58 shows the active needle, fabricated on a superelastic nitinol tube (1.8 and 1.5mm, outer
and inner diameters, respectively, with other important parameters shown in

Tablell), for model validation experimenfSigure58a s hows t he needl eds
with a series of six slits 1.4mm deep and 0.3mm wide for improved flexibility. The flexure section
was insulatedRigure58b) using an ultrathin heat shrink plastic to prevent tissue from penetrating
inside the needleannula Figure58c shows the design parameters of each notch carved on the
needle tube. The notches were made in the lab using typical machining tools such as a Dremel,
and ultrathin cut off discs with a thickness of 0.3mm and 0.127mm (Gesswein & Co., Inc.,

Bridgeport, @nnecticut). Based on our calculations (details are outlined in our previous work
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[128]), the estimated maximum bending angle of this needle is 60°. A 30%tijewals attached

to the active needle, as showrFigure58d to facilitate the initial puncture of the needle in tissue.
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Figure58. Active tendordriven notched needle: (a) flexure section, (b) insulated flexure se
in bent position, (c) design parameters, (d) bépehctive needle
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Tablell Design parameters of the active needle shoviigare58.
i aa i aa 0daa Q ad Q aa W ad
0.9 0.75 0.3 1.4 0.64 0.71

wherel is the outer radius of the needleis the inner radius of the needtas the width
of the cutoutsQis the depth of the cutout§ is the distance between two cutouts, drid the

position of the neutral axis.

9.1.3.Experimental Model Validation
For model validation, the needle insertion experiment was repeated five times. We
performed active needle insertion tests with a bgpeh a soft singldayer phantom tissue of
20kPa stiffnes§l35,138]to a depth of 60mm. During the needle insertions, the internal tendon of
the active needle was gradually pulled using the Maxon motor to realize bending. The Maxon

motor6s current and the tendon di spl aoreement
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and the needleds tip path -MISS Theéepussuorthe dhodeln r
are the tip path, the force at the tip, and the tendon pulling force. The needle tip force was estimated
as 0.29N for a 30° bevel tip angle in a sinAlglger tisue[137]. To calculate the tendon pulling
force,see sectiol.1.4

To find the bending anglein each step of insertion, the following equation could bd,use
— OAT—— (48)

whered "Qandd 1t are the needle tip paths at momé&mind at the initial moment,
respectively, andi "‘Qanda 1 are the insertion depths at momé&mnd at the initial moment,
respectively. The average maximum bending angle and average mean bending angle forthe bevel
tipped active needle insertions in the siAgiger tissue were 4.92° and 2.66°, respectively. The

average mean angle was used hetherequations.

9.2. Results and Discussion

This section evaluates the model prediction by directly comparing the estimated deflection
of the needldpredicted by the model) with the measured deflection (provided by -t
method) and estimating the maximum and average error in shape prediction (difference between
the predicted and measured needle deflection). The experiments were performetdoektip

active needle insertion in a singdyer phantom tissue.
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Figure59. Bevettip active needle insertion in a singégyer phantom tissue to a depth of 60
(a) estimated (model predicted) needle deflection vs. measured needle deflectiohU&T R
and (b) absolute error in needle deflection prediction

Figure59a compares the estimated deflection of a bappkd active needle in a single
layer phantom tissue, predicted by the model, with the deflection of the needle measured (recorded)
by the RAUST method.

The maximum measured and estimated (mpdetiicted) deflections were 5.23mm, and
6.72mm, respectively at 60mm of insertion depilgure59% shows the absolute error of needle
deflection model prediction. The absolute error was found by estimating the difference between
the estimated (modgredicted) and measured needle deflections. The maximum error was

1.69mm, with an average error of 0na®. A slightly larger error was observed at higher insertion

depths. The tendon pulling (needle actuation and the consequent bending) initiated at a depth of

13mm ancendedat 37mm of depth.
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Table12. Summary of the active needle insertion experiments in phantom tissues to a depth of
60mm

Trial Max deflection model Max error (mm) Averageerror (mm)
prediction / measured (mm)
1 (Figure59) 6.31/4.90 1.65 0.48
2 5.9/5.11 1.51 0.82
3 5.34/4.35 1.43 0.53
4 6.13/4.68 1.49 0.51
5 6.72/5.23 1.69 0.59

Table12lists the maximum deflection, maximum and average errors for five-tippeld
active needle insertion trials in a singgger phantom tissue to a depth of 60mm. The maximum
and average errors of model prediction for five needle insertion trials wé&£0113mm, and

0.58+0.14mm, respectively.
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Chapter 10. A MECHANICS -BASED MODEL FOR A TENDON -
DRIVEN ACTIVE NEEDLE NAVIGATING INSIDE A
MULTIPLE -LAYER TISSUE®

In this work, we present a mechanlzzsed model to predict the bending of an active
tendondriven notched needle inside the tissue. The model is validated using insertion and
manipulation experiments in mulAyer soft tissue. This work builds on our yris efforts
involving manipulation and tracking of the active needle and introduces a new medjesads
model to predict needle deflection based on neisiee interaction. The model is intended to be
used in modebased control of the active neediside tissue for minimally invasive procedures

in futurework.

®Padasdao,B. and Konh, B . , -Basé&d2wbdel fai & TendleDeiieraActive Needle Navigating
inside aMultiple-L ay er Ti ssue. , 0 J. Robot. Surg. ;0240®@2.) , p. 146.
BP: Writing, experiments, and data analysis

BK: Concept development and®2ound of writing
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10.1.Materials and Methods

10.1.1. Steerable Continuum TendonrDriven Active Needle

Figure 60 shows the active needle, fabricated on a superelastic nitinol tube (1.80 and
1.50mm, outer and inner diameters, respectively), for model validation experifFigute 60a
shows the needleds flexible section with a
and 0.30mm wide for improved flexibility. The flexure section was insulated using ultrathin heat
shrink plastic to prevent tissue from penetrating insidendegllecannula Figure60b shows the
design parameters of each notch carved on the nedmHierable13 lists the design parameters,
wherel andi are the outer and inner radius of the needle, respectbatygQare the width and
depth of the cutouts, respectively, is the distance between the two consequent cutoutsyiand

the position of the neutral axis.

rO
| T o
(a) | ¥, |
I - I
) I
l |
| =t
Neutral | t
© axis | 1
[ I
b | | |
| d | d,
(d) | |
A — | I -
[===- -
—
Ftendon

Figure 60. Tendondriven active needle: (a) flexure section with insulating cover, (b) de
parameters, (c) and (d) bevyednd conicatip, respectively
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The notches were made in the lab using typical machining tools such as a Dremel, and
ultrarthin cut off discs with a thickness of OrBm and 0.127mm (Gesswein & Co., Inc.,
Bridgeport,Connecticut. Based on our calculations (details are outlined in our previous work
[128]), the estimated maximum bending angle of this needle is 60°. A 30%tigaed a conical
tip stylets were made, as shownHigure 60c and Figure 60d, respectively, to facilitate initial
puncture of the needletmthetissue.

Table 13. Designparameters of the active tenddniven notched needle, shown kigure 60.
Dimensions are in mm.

i i 0 Q Q w
0.90 0.75 0.30 1.40 0.64 0.71

10.1.2. Deflection Model of the Steerable TendoiDriven
Active Needle inside Soft Tissue

This section discusses the tdislsue interaction model based BalerBernoulli beam
theory[136] that predicts the o odeftecion inside a soft tissue. The input parameieithe
model(seeFigure61l) are the tip forcéO, and the tendepulling force™O. The theory is valid for
deflections that are smaller than 10% of the total length of the beam, which is the case for most of
the minimally invasiveinterventionssuch asbiopsy andbrachytherapytools The equations
consider the energy stored in the bent tool, while steersiddthe tissue, as well as the external
work applied to the tool to form a potential function. The equations are then transformed into a
linear system of equations using the Rayldritzx method137]. Refer to Sectio®.1.1for more

information on the model.
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Figure61. Mechanics of tendodriven active needle inside soft tissue

10.2.Experiments

10.2.1. Robotic System for Steering insideSoft Tissue with
RealTime Ultrasound Tracking

The robotic needle insertion system, showiigure62a, was used to insert and actuate
the active needle inside a phantom tissue. The robotic system consists of (i) a needle manipulation
system Figure62b), which comprises of a Maxon motor (Maxon Group, Sachseln, Switzerland)
that is programmed to pull the tendons that are attached to a movable platform and actuate (bend)
the active needle through the use of the EPOS Studio (Maxon Group, Sachseln|é)tzer
software, (i) US machine (Chison, ECO 5) and an Arducam USB caFkigtag62c) to track the
needle tip in real time, and (iii) a linear motorized stage (Velmex, Inc., BlGeld, NY) and a
guide templateRigure62d) for axial movement (insertion) of the needle inside the tighetool

tip force can be obtained through the force sensor showigime62a. while the tendorpulling
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