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ABSTRACT

NEEDLE STEERING FOR PERCUTANEOUS NEPHROLITHOTOMY

Giimiiskanat, Ozlem
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Aydan M. Erkmen

September 2019, 121 pages

The role of percutaneous nephrolithotomy(PCNL) in the elimination of kidney stone
has a wide usage among urologists. However, it still posesses criticalities as a
technique such as precise needle puncture of the kidney which remains to be a
challenging and essential step for successful PCNL. The movements of kidney and
kidney stones due to respiration are the main restriction of this minimally invasive
surgical procedure. For this reason, the needle steering in PCNL is done under general
anesthesia by stopping respiration of patient. This thesis presents a critical review to
address the methodologies and techniques existant for conducting kidney targeted area
detection and needle steering during PCNL. Moreover, the thesis proposes a method
for robotic needle steering that is implemented in simulations and on hardware with
ballistic gel. The proposed method uses needle steering without the need of stopping
or slowing down respiration. The thesis also provides thorough analysis of parameter
selection in the proposed methodology and ends with valuable recommendations for
actual implementation. Keywords: Percutaneous Nephrolithotomy, Robotics, Needle

Insertion, Needle Guidance, Robotic Medical Assistance



0z

PERKUTAN NEFROLITOTOMI iCiN iGNE YONLENDIRME BENZETIiMi

Giimiiskanat, Ozlem
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Danismant: Prof. Dr. Aydan M. Erkmen

Eyliil 2019, 121 sayfa

Bobrek taslarinin giderilmesinde perkiitan nefrolitotomi(PCNL) rolii iirologlar
arasinda genis bir kullanim alanina sahiptir. Ancak, yine de bir teknik olarak kritik
oneme sahip. Bobregin kanamasiz bolgesinin hassas bir sekilde igne ile delinmesi,
basarilit PCNL i¢in zorlu ve gerekli bir adimdir. Solunumdan kaynaklanan bobrek ve
bobrek taslarinin  hareketleri, bu minimal invaziv cerrahi prosediiriin ana
kisitlamasidir. Bu nedenle PCNL'deki igne ydnlendirmesi, hastanin solunumunu
durdurarak genel anestezi altinda yapilir. Bu tez, PCNL sirasinda bobrek hedeflemesi
ve igne yoOnlendirmesi yapmak i¢in mevcut olan metodolojileri ve teknikleri ele
almakla kalmaz, ayrica tez, simiilasyonlarla ve balistik jel ile donanim iizerinde
uygulanan robotik igne yonlendirmesi icin yeni bir yontem dnermektedir. Onerilen
yontem, solunumun durmasina veya yavaslamasina gerek kalmadan igne
yonlendirmesini kullanir. Tez ayni zamanda Onerilen metodolojideki parametre

seciminin kapsamli bir analizini sunar ve gercek uygulama i¢in degerli 6nerilerle biter.

Anahtar Kelimeler:  Perkiitan Nefrolitotomi, Robotik, Igne Yerlestirme, igne
Yonlendirmesi, Robotik Tibbi Yardim
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CHAPTER 1

INTRODUCTION

1.1. Background and Motivation

Technological advancement brings to biomedical applications, improved sensing
capabilities, and machine intelligence, handling complexities in human functional
anatomy and morphology [1]. Thanks to recent advances, robots are extensively useful
in surgeries to aid physicians, providing more precision, especially during procedures
requiring fine movements that may be beyond the ability of the human hand.
Moreover, robots provide improved accuracy and repeatability to surgeons with the
goal of better outcomes [2]. Through all these technologies, minimally invasive
surgery, which is a procedure performed through tiny incisions instead of one large
opening, becomes a popular approach in many medical procedures. In these
procedures, robots play an important role in changing the boundaries of such
techniques with increased precision and dexterity [3]. Minimally invasive surgery is
extensively used in many hospitals world-wide since incisions are small. As a result
of that, patients tend to have quicker recovery times and less discomfort than with

conventional open surgeries.

Percutaneous nephrolithotomy is one of the minimally invasive procedures to remove
urinary stones from kidney by a small puncture wound through the skin, preferably
from the back of the patient. This method is used if stones in the kidney, which cause
pain for the patient or impair the functionality of the urinary system, are quite large so
that other Kkidney stone removal methods are not suitable: for example,
electromagnetic shock wave lithotripsy, which is a method performed without the
need of reaching stones physically, is not applicable for large stones, neither is

ureteroscopy which is a method performed by the use of natural body channels to



reach and break the stones into pieces. In percutaneous nephrolithotomy, the surgeon
tries to reach the kidney stone with a flexible and passive needle, specialized for
percutaneous nephrolithotomy operation. The needle can be controlled only from its
base in the forward push direction. When the needle reaches the targeted area, then
the surgeon puts a hollow tube around the needle into kidney. Surgeon then pulls the
needle out of the tube. Thus, a hollow tube path remains as a guided physical path
from the patient's back skin to the bloodless area of the kidney. Then, the surgeon
starts the operation by sending a probe or another operational tool through the guided
path which is a physical tube. In fact, this process requires careful attention since it
may cause injuries of other abdominal organs or even can cause deterioration of the
kidney functions [4]. Therefore, a tactile feedback mechanism should be utilized by
the surgeons who are also needed to be experienced and well trained. In other words,
the surgeons should feel the forces on the needle while advancing the needle with help
of their dexterity. Unfortunately, even the most experienced surgical teams may
experience difficulties in finding the optimal port placement for each intervention. The
main reasons behind this issue are the variability of anatomical structures between
patients, imaging limitations, needle deflections due to its flexibility and due to the
pressure created by its interaction with each soft tissue it pierces, and the large quantity
of other factors, such as variabilities of patient traits, interventional differences,
operational settings, etc. Another difficulty of this operation is that the kidney and the
kidney stones move with the patient respiration [5]. In addition, the only area that can
be accessed without damaging both vessels and kidney is a bloodless area which is a
small circular area of 2 cm diameter. Moreover, it is very difficult to reach this targeted
bloodless area at once and multiple attempts of needle insertion led to damages to the
soft tissue along the trajectory of the needle. Considering all of these issues, the most
important criterion in percutaneous nephrolithotomy is to enter the bloodless area
moving with breath, through the right position with the right angle and velocity at the
right time, which is also challenging to achieve by a human, since not only surgeon
based disturbances adversely affects these optimalities but also patient based

variabilities in disturbances affect them. Inspiring from outstanding advances in



robotics and machine intelligence, this type of minimal invasive surgeries can be
achieved by a surgical robot, which is capable of tracking, learning, and moving

precisely.
1.2. Objectives and Goals

The difficulties and the success criteria mentioned in the previous section for
percutaneous nephrolithotomy operation are highly dependent on needle and tissue
compliance as well as motion of bloodless area. Our main objective is to guide the
needle towards the bloodless area of the kidney which is moving unpredictably with
respiration and demonstrate a high variability from patient to patient as well as from
different emotional status in a single patient. Towards this objective, our first goal is
to model and test the elasticity of the system involving tissue and needle. The effects
of these elasticities in the system, such as needle deflection and soft tissue deformation
are considered and modelled in the most realistic way. Our second goal is to make the
needle tip reach the bloodless region as soon as possible, by decreasing the effect of
these elasticities on the system. Towards this end, the needle deflection is controlled
with a template grid structure that provides a piecewise linearization. In summary, this
thesis proposes a methodology to perform percutaneous nephrolithotomy operation by
utilizing robotic methods without the need to stop patient breath during operation,
modeling needle and tissue compliance and estimating bloodless area motion range
during the needle trajectory piercing different tissues towards the bloodless area that

moves under breathing and under piercing forces.
1.3. Methodology

This thesis reveals an innovative approach on percutaneous nephrolithotomy in
application of robotics. More precisely, this thesis provides a flexible body modeling
of the needle and of the soft tissue by using lumped parameter method. This is an
approach of modeling elasticity of a body by piecewise rigid parts attached to each
other. The flexibility of the joints between rigid parts is ensured by the combination

of spring and damper. We investigate the effects of the needle-soft tissue interaction



forces on the tissue and the needle during needle insertion using compliance control.
We modelled the force that causes deflections through nonlinear springs and dampers.
Then, we simulate the deflection of the needle which results from the pressure of the
surface tension of the soft tissue and thereafter the pressure of the soft tissue itself
after the piercing and entrance. We also implement the control method for the needle
in soft tissue by using multibody system theorem using two PI controllers in the

feedback and feedforward loops.
1.4. Contribution

Based on our actual surgical experience and studies in the literature, percutaneous
nephrolithotomy operations are performed by stopping breathing during needle
insertion in order to avoid kidney movement due to respiration. Stopping breathing
for a longer time than 20-25 seconds is extremely dangerous for the patients,
especially considering its dangerous effects on the nervous system [6]. On the
contrary, surgeons stop the patient's breathing for about 4-5 minutes to complete the
needle insertion in most percutaneous nephrolithotomy operations. In this thesis, a
unique technique is simulated and analyzed for needle insertion during the movement
of the kidney due to respiration. Our technique is a first of its kind that will enable the
design of a robotic system that tracks the kidney of the patient, learns the pattern of
kidney movement according to respiration, and manages the needle insertion to the
kidney through the skin with optimum precision, while a patient under general
anesthesia is breathing. Therefore, this operation can be achieved without the need of
stopping the breathing process. Furthermore, this thesis contributes to the literature by
demonstrating that robotic approaches can be used to model systems that consist more
than one flexible component and their interactions as in our case. Hence, we prove
that lumped parameters method can be efficiently selected instead of finite element
method, which has very large computational cost in comparison to the lumped
parameters method.



1.5. Outline of Thesis
The outline of this thesis is as follows.

In Chapter 2, a literature review is presented by focusing on the studies on
management of kidney motion, precise needle placement and guiding percutaneous
needle into calyx, where the kidney stones reside in. Specifically, for precise needle
placement, we investigate existing models and studies about cutting tissue with
needle, needle insertion techniques, and needle insertion forces.

Chapter 3 focuses on our proposed system for this thesis. First, we present our
methodology with a block diagram representation. Then, we explain our modelling
approach to simulate the needle compliance in advancing into, the elastic soft tissue
and the moving bloodless area under patient respiration. Next, we discuss the needle
trajectory calculation with the help of medical imaging. We also explain the piecewise
linearization by providing a template grid system that decreases the needle deflection
in the soft tissue. As a final step in this chapter, we present our control method for the

needle insertion under moving bloodless targeted area.

Chapter 4 compares the results of both simulations in software environment and
experiments with ballistic gel (which is a physical emulation of the human soft tissue),
real percutaneous access needle, and robot arm. In this chapter, the validation of the

simulation is further discussed.

Chapter 5 evaluates the performance of the proposed system considering the changes
in system parameters. In this manner, we investigate the effects of tissue parameters
changes on the needle-tissue interaction, the effects of needle deflection parameter
changes on reaching bloodless area and effects of grid parameters on needle

deflection.

Finally, Chapter 6 lists our concluding remarks, as well as possible future works.






CHAPTER 2

LITERATURE SURVEY

2.1. Management of kidney motion

The detection of an organ movement is extremely important in many biomedical
applications such as radiotherapy, orthopedic surgery, neuro surgery, ear, nose and
throat interventions. This motion detection becomes primordial for noninvasive
procedures to minimize tissue damage. The motion of an organ has been observed via
ultrasound[7]-[9], computed tomography (CT) [10]-[13], MR [14][15], nuclear
medicine[16][17] or fluoroscopy[18]-[34]. The primary organs to be detected as
moving are heart, lungs, liver, pancreas and kidneys. The essential source of motion
is breath, which leads to many organs’ displacement. Respiratory motion studies are
performed by directly observing a tumor [10][11][19][28][33][34][38] or a host organ
[39]-[41], as well as the movement of reference markers sensitive to detection
technique such as radiology, embedded in the tumor site [20][21][23][26][27][32] and
the carrier organs such as the diaphragm, which is generally correlated with the tumor
via breath [13][25][30][42].

The diaphragm breathing is affecting over 100 organs mobilizing them during inhales
and exhales. One of those organs is the kidney which is of approximately 12x6x3cm
size surrounded by perinephric adipose tissue[35]. It is not tied to any bone structure
anatomically. The right and left kidneys are close to different organs with different
radio sensitivity, for example liver, pancreas, intestine, large bowel, uterus and
bladder. The anterior part of the right kidney is closely related to the lower part of the
liver, whereas the left kidney is positioned below the stomach and close to the spleen.
Because the kidney is a moving organ due to breathing, it is important to manage the

kidney motion for procedures like radiotherapy or kidney stone removal. This



movement of the kidney is complex and movement management strategies should be
taken care to maximize desired treatment benefits and minimize the risk of damage to
the kidney and its surrounding organs [36]. The American Association of Physicists
in Medicine has published a report in which the magnitude of respiratory movement
and the specific problems associated with respiratory motion in radiotherapy are
discussed. In addition to explaining techniques that clearly manage breathing during
radiotherapy, the report also advises on the implementation of these treatments for
patient care [37]. In this report, Keall et al. [37] state methods to account for
respiratory motion such as motion-encompassing, respiratory gating, breath-hold,
forced shallow breathing with abdominal compression and real-time tumor-tracking,
organ tracking and more specifically kidney motion tracking which is needed during
percutaneous nephrolithotomy procedure. In order to detect and track kidney motion
under different breathing patterns one should clearly identify the different classes of
breathing. Pham et al. [36] categorizes breathing patterns as forced-shallow, breath-
hold/deep and free by considering 25 published scientific articles consisting of 415
participants in total. In this study, the range of motion of the kidney under different
breathing types is demonstrated to be complicated. Under forced-shallow breathing
condition which is characterized by drawing of minimal amount of air into the lungs,
the superior and inferior parts of the kidney motion is displaced as about 5 mm on the
average. Moreover, the position of the human body during breathing is found to highly
affect the motion range of the organs and more precisely the kidneys. In the case of
prone or lying face down which the cause a compression on the lungs, the kidney
motion is not affected much while the motion range of kidney is revealed to be less
than 10 mm during free breathing. Under deep breathing and breath holding while
lying, the motion of both right and left kidney is reported to be between 10 mm and
20 mm. This record is almost twice the motion range of free breathing while lying
down. Anterior-posterior(toward front and back) motion range is recorded to be
between 0.1 mm and 8.1 mm, whereas lateral motion(left and right) of the kidneys
seems to be negligible being less than 2 mm. Up to now, we could not find any

consistent and valuable information about the motion of kidney due to respiration in



standing-up position, since the reliable techniques for detecting respiratory movement
of kidney; such as ultrasound, computed tomograhphy (CT) and magnetic resonans

imaging (MRI), are generally applicable in prone or supine position.

More specifically, we could not find any generic analyses information about the
acceleration and velocity of the kidney during breathing. In our real experiments on
about 10 patients who entered the flexible ureteroscopy operation, we observed that
the frequency of breathing is adjusted to be 12 times per minute during surgery under
general anesthesia. Due to this fact, we noted that the respiratory magnitude is
controlled during operation under anesthesia which keeps the breathing within a range
between forced-shallow breathing and free breathing, the measurements in our real
experiment lead us to adopt that the average range of the kidney motion under
anesthesia is 8mm in direction of superior-inferior and 5mm in direction of anterior-
posterior the patient lying on his/her side. Also, this experiment led us to neglect the
motion in the lateral direction. We will clearly validate these metrics we adopt in the
simulation section of the thesis. In that circumstances, we can calculate easily that a
full period of the organ travel is completed in approximately 5 seconds, while the
distance to be covered by the kidney doubles. As a result, the average velocity of the
kidney motion under anesthesia is estimated to be 3.2mm/s in the superior-inferior
direction and 2mm/s in the anterior-posterior direction. In our study, we consider this
motion together with its acceleration to be sinusoidal each and we have implemented
them using the MATLAB fitting functions.

2.2. Precise needle placement

Percutaneous surgery is preferred when open surgery is dangerous to the patient's
health or due to his/her problematic healing process. Percutaneous treatments are
local, not affecting the whole body leading to rapid recovery and therefore, they are
widely used and compared to other traditional techniques such as open surgery.
Nonetheless, they are extremely complex processes that need complicated endeavours

from surgeons which encompass the driving of a percutaneous needle with a robotic



drive controlled from a 2D screen. Driving the surgical needle can be performed by
imaging methods such as fluoroscopy and ultrasound during surgery. In these imaging
methods, distinguishing the needle and guiding it towards the target are very difficult
due to occlusions, perspective deformation of 3-dimensional real-world perception
projected into a 2D screen which is also adversely affected with noise and delay. The
tactile feedback and experience of the surgeons is highly critical for success of
surgery, against the artifacts such as limited visibility caused by imaging methods and
devices, inadequate tool maneuverability, needle deflection due to the flexibility of

the needle, and anatomical variability which changes from patient to patient.

In addition to these, human tissue is easily deformed due to its compliance. The tissue
through the path followed by the needle is deformed and the target area on the landing
organ moves by the pushing forces on the tissue layers due to the needle before and
after piercing. Since this target moves due to both respiratory motion and needle
insertion forces, the location and angle of the insertion should then be well calculated
for successful laparoscopic operation minimizing tissue damage during surgery. In a
study about needle insertion customized for prostate brachytherapy which is
conducted by Rossa et al. [43], a hand-held needle steering assistant is proposed and
validated with the rectangular standard brachytherapy template grid that prevents
change in the needle insertion angle due to needle bending outside the tissue with an
accuracy of 0.33mm. This validation is provided in 72 needle insertion trials with 12
different experimental scenarios. The grid template provides a needle insertion angle
of approximately 90 degrees and helps to keep it fixed like in Figure 2.1. We also
design a needle insertion with an angle near of 90 degrees in our simulation, after
performing calculation trajectory to target. This design is shown and discussed in
proposed method chapter of this thesis. A grid does not appear in the simulation of our
design. However, the perpendicular entry to the surface of the volume where the
surgery will be performed and the maintenance of this perpendicularity through the

needle steering are provided programmatically in our design.
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Figure 2.1. An experimental setup prepared with template grid by Rosaa et al. [43]

2.2.1. Cutting tissue with needle

Percutaneous methods in the process of needle placement begin with a cut into the
epidermis. Firstly, the needle creates tension on the surface and pushes the tissue until
pierces it. For each layer of tissue that the needle encounters on its way towards the
targeted area this process is repeated under different elasticity strain. This strain is
observed as an increase in the contact forces and deformation in the tissue. When this
strain limit is exceeded, penetration of the tissue is observed as a sudden decrease in
the contact forces. These fluctuations in the insertion forces occur at each different
layer of tissue that the needle encounters along its progression. Elgezua et al. [44]
found an empirical result as shown in Figure 2.2 about tissue cutting force against
displacement of target in their study about current state-of-the-art in needle insertion
robots and open challenges for application in real surgery. Tissue characteristics,
insertion speed, size and tip shape of needle are the determining factors for
deformation and forces required to pierce a particular tissue.
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Figure 2.2. Tissue cutting force vs displacement [44]

The deformation during the needle insertion also creates a receding action on the target
due to the pushing forces against the different tissue layers. In order to increase the
accuracy of the operation, we need to reduce this receding motion of the target, and
for doing this, it is necessary to minimize the force created by the approaching and

piercing needle forces.

The viscoelastic property of human tissue can be used to minimize this deformation
in the target location. Mahvas et al. [45] in his experiments showed that the placement
force and tissue deformation can be reduced by increasing the speed of needle entry.
However, these speeds are difficult to perform for manual procedure and can only be
safely applied by a robot, since these speeds cannot be reached by human hands and
enough needle insertion sensitivity cannot be achieved. Several studies have been
presented to the literature on the introduction of the needle by rotation, but the
experimental results show that the entrance of needle into the tissue by rotating it
increases trauma due to the incision made by the tip of the needle [46]-[48]. Therefore,
for a successful surgery that will take a short recovery period thereafter, if the needle
is placed by rotating it, it is necessary to optimize velocities of the needle
advancement. In other words, the benefit of this needle rotating process should be

balanced and ensured by considering its harm.
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2.2.2. Needle insertion techniques

When percutaneous methods are chosen to operate laparoscopically on an internal
organ, the insertion of the needle is important, as described in the previous subsection,
for reasons such as tissue deformation and receeding of the target area. In a typical
percutaneous operation, the surgeon uses the patient medical imaging results to decide
the entry point and the insertion angle of the needle. In this determination, the
anatomical structure of the patient such as fat muscle ratio or bone and organ
placement are taken into consideration as seen from the medical image such as
ultrasound or computed tomography (CT). These anatomical characteristics are
important in the manner of calculation of needle forces and trajectory planning,
together with its control during its trajectory. For this, imaging operation, and more
precisely computed tomography (CT) whose tilt can be arranged is used. In this way,
the surgeon can examine the proposed path of the needle from different orientation.
The planned position and orientation of the percutaneous needle should coincide with
the calculated trajectory towards the target area. Since this process, which requires
high precision, is generally done manually and repetitively, robotic systems are

presented in the literature to make this process more stable accurate and repeatable.

In their studies, Arnolli et al. [49] categorize needle placement systems into two
groups such as systems that supply only feedback on needle placement and systems
that supply physical guidance. The group that supplies feedback focuses onto three
different subject which are navigation-tracking, using the direction of gravity as a
reference or projecting a laser as an axis of a specific reference. On the other hand, the
group which supplies physical guidance gathers methods heavily influenced by

patient, table, gantry or floor-mounted systems.

In medical operations, there are three main types of navigation and tracking systems:
optical, electromagnetic and mechanical. Optical tracking systems are the most

popular and are basically composed of markers and infrared cameras. Markers can be
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passive such as light reflecting or active such as light emitting ones. Since both types
of optical markers are visible in medical imaging systems such as CT or fluoroscopy,
these tracking systems take advantages compared to others such as electromagnetic
tracking systems. Optical systems which are compatible for medical use are capable
of giving real-time position and orientation information of markers according to
infrared lights reflected or emitted from markers thanks to its serial communication
hardware infrastructure. By this means, these systems can be controlled so that
position and orientation data of the markers can be collected easily by using a
computer with basic programming. The most prevalent example of this type pf system
is NDI Polaris [50]. For another example, ClaroNav MicronTracker can be given [51].
Pictures belonging to them can be seen in Figure 2.3 (left one is NDI Aurora and right
one is MicronTracker). Unlike NDI Aurora, MicronTracker uses passive markers and
visible lights for tracking. It uses the computer vision to process the images obtained
and gives position and orientation information. It can be used in many manual or

image guided surgical operations.
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Figure 2.3. Optical tracking systems NDI Polaris [50] (left) and ClaroNav MicronTracker [51] (right)

NDI Aurora system (Figure 2.4) belongs to the class of electromagnetic tracking
systems that consist of a generator and one or more coils. The generator provides a

controlled, changing magnetic field. The coil or coils are connected to the system with
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a specific cable which is shielded electromagnetically. When the magnetic field is
changed by the generator, the coil current is induced depending on its position and
movement; this is what the system reads and processes as current value to give the

position and orientation information in real-time.

Figure 2.4. Electromagnetic tracking systems NDI Aurora [52]

Robotic systems (Figure 2.5) that are used for needle guidance and insertion in
percutaneous nephrolithotomy, are composed of generally passive joints for lesser
complexity and equipped with encoders to tract the instrument mounted on the end

effector.
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Figure 2.5. Mechanical tracking systems [57]

In the systems using the direction of gravity as a reference, a second direction, such
as the plane vector of the imager table or the face of the imager itself is also used as a
reference. Sometimes, a fixed laser pointer belonging to the imager system can create
a second reference by pointing onto the patient skin. Using these two reference
vectors, the relative angle of the guide of the needle according to these references is
drafted on the user. These references keep the needle fixed in the specified angle and
direction, and makes needle insertion relatively easy in the planned direction with
planned angle. Four examples of mentioned tools are shown in Figure 2.6. [49]. With
all these systems constrained to being manipulated by the surgeon since they only

provide feedback surgeons and do not have any guidance opportunity.

Figure 2.6. Systems using direction of gravity [54]-[57]
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In systems that provide physical guidance, patient mounted systems are systems that
are able to provide physical guidance to the needle with ease of use and small size.
These systems are designed to be able to enter the imaging area easily and do not
discomfort the patient during operation. In a patient mounted system, needle directory
can be arranged manually and once it is positioned as desired, the needle can be fixed
in that position and orientation. But as the number of DOFs in the actuation increases,
a patient-mount system becomes impossible to be implemented since they become
larger mechanically. And when the patient-mount systems are small, they have highly
limited workspace preventing any needle guidance. The common motivation in the
design of the first patient-mounted systems was the assumption that the skin and the
target organ acted as a rigid body with the respiration, and that the respiratory
movement would be naturally compensated. Nonetheless, this motivation has proven
to be inaccurate for reasons such as body structure and flexibility varying from patient
to patient, demonstrating a complex and different movement patterns of internal
organs generated from the movement of the skin inward due to the needle forces. Some
example of patient mounted systems can be seen in Figure 2.7 [49]. An example of

mounting such systems is illustrated in Figure 2.8,.

Figure 2.7. Patient-mounted systems supplying physical guidance [59]-[62]
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Figure 2.8. lllustration of mounting patient-mounted system on a supine position patient

On the other hand, table, gantry or floor mounted systems are capable of applying
more force and torque rather than patient-mounted systems, since they have stiff
mechanical construction mounted on an environmental edifice near the patient. By
minimizing needle insertion setting performed by surgeon on the patient; table, gantry
or floor mounted systems decrease needle insertion errors and tissue deformations
compared to patient-mounted systems. Some popular examples of this systems can be
seen in Figure 2.9 and 2.9. These systems are generally software operated controlling
impact velocity, depth and operation time [53].

Figure 2.9. Table-mounted systems [63][53]
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Figure 2.10. Gantry and floor-mounted systems [64][65]

2.2.3. Needle insertion forces

Pre-operational estimation of needle forces is important for modeling and minimizing
the deformation of the tissue. As Hiemenz et al. [66] stated in their study about
epidural needle insertion with a 17-mm Tuohy epidural needle, percutaneous needle

insertion rates are generally as low as 0.4 mm/s and as high as 10 mm/s when piercing.

In their study, DiMaio and Salcudean revise their analysis which is done with a thin
tissue phantom for a two-dimensional needle insertion. They also show that this
modeling methodology can be easily applied to three-dimensional needle
interventions [67]. In this study, a phantom made of gelatin in the ratio 9:1 i.e., 9 ratio
water and 1 ratio gelatin powder is made, and the flexibility of the tissue was assumed
to show linear behavior. Experiments were performed at the needle entry speed ranges
of 1 mm/s and 9 mm/s and the needle insertion forces were analyzed. The texture is
modeled as a grid of nodes, as described in detail in the next subsection. The nodes
identified in the preliminary design are indicated in the real phantom with pointers
that can be easily detected by a camera. Each time the needle is inserted into the
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phantom from another position which is different from previous ones. In this way, the
force errors resulted from one of the previously opened needle paths are not
influencing adversely the new needle trajectory. The forces in the needle insertion are
measured by force torque sensors located at the base of the needle. The grid
deformation is recorded as images.

2.2.3.1. Tissue deformation modelling due to needle insertion

In percutaneous operations, the tissue should be minimally damaged to minimize
postoperative healing. Most of the damage occurs during needle insertion, due to the
fact that the tissue is flexible when the needle is inserted. Although the amount of
deformation in the needle insertion also may be affected by the patient's anatomical
structure or needle tip type; human errors, limited imaging and tissue-needle
interaction are the main causes of tissue damages at needle insertion [68]. Although
different needle insertion sensitivity is required for different operations, there is no
defined fixed tolerance values for needle insertion based on the surgeon's experience
and the method chosen [69].

Modeling tissue deformation is usually done by energy-based methods. During the
procedure of percutaneous interventions, the work performed outside the tissue is
converted into potential, kinetic, viscous, strain energies and entropy. Quantitative
tissue deformation model is based on energy conservation towards estimating the
deformed volume. These calculations are also associated with the displacement of the
needle in the tissue. Gao et al. show that the actual tissue deformation volume can be
measured as a result of these experiments with this proposed method[70]. In this study,
it was shown that needle insertion related deformation occurs mostly at the first entry
point to tissue. Additionally, in the experiments explicitly stated in the study, the
higher the needle advancement after the needle entrance, the less deformation at the
tissue, because the external work dissipates as viscous energy. Increasing the velocity

of needle enhancement also increases the amount of energy converted to viscous
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energy so that the tissue deformation decreases. Decreasing deformation facilitates the
advancement of the needle on the planned path to target and makes it easier to move
to the targeted position. That is, increasing of needle advancement velocity reduces

the error while reaching target.

From another perspective, as stated before, DiMaio and Salcudean modeled the tissue
as shown in Figure 2.11. Figure 2.12 shows the experimental result of tissue
deformation during needle insertion. In this figure, markers correspond to grid the
nodes.
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Figure 2.11. Modeling tissue by creating mesh of nodes [67]
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Figure 2.12. Tissue deformation during needle insertion [67]

In addition, they used equation (2.1) to calculate the total strain energy, which is
indicated as E;.qin. TO calculate Eg;qin, integration of o and e product, which are
stress and strain functions depended on the position x, is needed over the considered
solid body Q [67].

2.1)
2

1
Estrain = 35 fET(x)O'(x)dx
Q
In order to minimize energy at static equilibrium, they discretized equation (2.1) by
assuming that stress and strain are related to each other linearly. After calculating this
integration considering the rigid body that has linear shapes [71], this static

equilibrium condition turns into the expression (2.2).

OE¢ = f A®uldx— f¢=0 (2.2)
Qe -

In the expression (2.2), when variation of strain energy, 6 E¢, equals to zero for the

first time, each smallest element of rigid body e, reaches its equilibrium state.
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A°® is the matrix which characterizes the elasticity of rigid element Q°. u® represents

the displacement vectors and f¢ contains the force vectors for nodes belonging to the

whole rigid body. The applied forces are assumed to accumulated at mesh nodes. Over
the entire set of elements on the phantom body, this leads to a set of linear equations

as it will be expressed in the next section of this thesis.

2.2.3.2. Force calculation on the phantom

After that equation (2.3) equals to zero, f € Is can be transferred to right side of

equation. By doing so, the force in each node of the phantom grid can be calculated

as in formula (2.3), where K is the system stiffness matrix, u is the measured node

displacement vector and the f is the applied force vector to the node by the needle.

Node force estimation is done thanks to the minimization as in equation (2.4), where
F; is load force, G(E, v, Fy) is the model of phantom, E is Young’s Modulus and v is
Poisson Ratio. This minimization is done by reducing the node placement magnitude
difference between estimation values and real experiment data on phantom rigid body,

considering also elastic characteristic of the related rigid body.

f=Ku (2.3)

mFl,n(E_ G_l(EiVIFS))T'(E_ G_l(E,V,F:g)) (24)

N

In approximately 70 mm depth needle placement experiments, the force values
observed at the model nodes are as in Figure 2.13. The most of the exerted forces on
tissue phantom occur at the nodes aligned with the shaft of the needle. The peeks of
the forces along the needle insertion are seen in two different culminating points of
Figure 2.13 where are located at y=5mm and y=75mm. At y=5mm, the force arises
from the first needle-tissue phantom interaction, as expected. On the other hand, the

appeared force at y=75mm originates from fixation of tissue phantom to test platform.
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In Figure 2.14, the force distribution graph of the needle insertions along the needle
shaft, estimated for three-dimensional phantom, is given by referring to the
experiments performed at three different velocities on two-dimensional thin phantom
slide. In this study belonging to DiMaio and Salcudean, although the change in force
at needle shaft during progression decreases as the needle entry speed increases, the
force applied to the needle shaft at the first interaction between needle and tissue
increases as the needle entry speed increases. Therefore, this increase in force can
increase the damage in real tissue. On the other hand, in this experiment, the flexibility
and base momentum of the needle were considered to be negligible and were not taken
into consideration. Thus, the force changes caused by needle deviations due to the

flexibility and base momentum of the needle cannot be understood from this study.
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Figure 2.13. Force values observed at the model nodes [67]
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Figure 2.14. Force distribution graph of the needle insertions along needle shaft at three different
insertion velocity [67]

2.3. Guiding percutaneous needle into the calyx

For laparoscopic nephrolithotomy, the needle carrying stone emulsifiers has to enter
the kidney from the bloodless area. After inserting the needle, the needle has to reach
the bloodless area of the kidney where the stones reside. An illustration of this
reaching is shown in Figure 2.15. Subsection 2.3.1 will dwell on the criteria for safe

and precise advancement of the needle into the calyx.

Needle

Area where stones reside

Figure 2.15. llustration of reaching percutaneous needle to area where stones reside [72]
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2.3.1. Needle-tissue interaction forces

When using a robotic assistance in any laparoscopic intervention, sensing needle-
tissue interaction forces is of prime importance. The needle-tissue interaction forces
generate needle deviation as well as change on targeted area location as a chain
reaction, making it difficult to reach the target [73]. This is also necessary to establish
a stable control of advancing through different tissue types, since every different
patient reveals different magnitude and complexity of force depending on her/his

anatomy.

Interaction forces are due to viscoelastic, anisotropic nonlinear properties of human
tissues requiring complex tissue models. Fung develops viable tissue models based on
rheological models. This work forms a basic reference in the field [74]. In addition,
Okamura et al. [75] express the force acting on needle fyccq1e(x) as equation (2.5),

based on their experiments on bovine liver.

freeare(X) = fcutting (x) + ffriction (x) + fstiffness (x) (2.5)

In this equation, fs¢;rrness () is the force required in puncturing the tissue, where x is
the distance to the target point. After puncturing, f¢;rness () equals to zero and then

the needle tip should achieve the force of cutting and friction.

In existing research works, real-time estimation methods are more often used to
determine the actual mechanical properties and parameters for a tissue. For example;
Asadian et al. [76] propose Kalman filters to estimate the actual value starting from
the initial value, while Barbé et al. [77] propose to use a fitting curve with rheological
models. Since needle insertion forces need to be known for tissue deformation
simulation and they are able to be measured during surgery, there is a need to use
stochastic models or to measure the mechanical properties of a tissue by non-invasive

methods before surgery [78].
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One method to determine the organs contour and its viscosity properties ise
vibroelastography which is a medical imaging method used to estimate the elasticity
and stiffness difference between tissues according to the reflection of these waves by
applying the waves produced at a frequency less than 30Hz produced by a vibrator.
This method is generally used in prostate brachytherapy operations to observe the
contour of bladders and to measure viscoelastic parameters of tissue surrounding the
bladder, however it can also be useful for percutaneous nephrolithotomy [79][80].
Furthermore, Hoshi et al. [81] combine the reverse FEM with the ultrasound image in
their proposed algorithm and predict the mechanical properties of the tissue. Although
it is common to try to model living tissues with various phantoms, such as ballistic
gel, it does not show the exact characteristics of living tissues in such a way
homogeneity and nonlinearity. The biggest indicator of this is the difficulty of
simulation of displacement due to breathing. Therefore, to determine or estimate the
mechanical and viscoelastic properties of tissue by using these mentioned methods
correctly is important in order to make the necessary calculations of the needle-tissue

interaction forces before and during the operation.

We will model our system using the force acting on needle, tissue deformation and
displacement calculations in this chapter. After modeling, we will compare our
simulation results with our experiments on ballistic gel, which is the most compatible

phantom to human tissue.
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CHAPTER 3

PROPOSED METHODOLOGY

3.1. Proposed System

Soft tissue model

Soft tissue
parameters

Percutaneous

o Needle tip detection i needle parameterg
Medical imaging P Needle-tissue Percutaneous needle
system interaction model model
Pre-operationally Needle tip
stone detection deflection
Pattern learning Bloodless area Needle steering
system Bloodless area model Coordinates of controller Control commands
movement pattern bloodless area

center

Figure 3.1. Block diagram of proposed method of this thesis

Our approach in this thesis focuses on modeling the percutaneous needle, soft tissue
and bloodless area in MATLAB® Simscape Multibody™ by considering pre-
operationally detection stone and its movement due to respiration using medical
imaging techniques. The flexibilities of needle and tissue are modelled by lumped
parameters model which will be explained in detail in Section 3.2.1, 3.2.2 and 3.2.3,
respectively. We simulate the needle deflection by giving external force provided by
needle-tissue interaction model. Needle-tissue interaction model takes inputs of soft
tissue parameters, percutaneous needle parameters and needle tip detection. It gives
the needle tip deflection in the manner of angle and coordinates to the needle steering
controller. Needle-tissue interaction model is expressed in detail in Section 3.3. In
Section 3.4, the methods which can be proposed in needle trajectory calculation and
image-based needle guidance is given in detail. Our recommended method that would

be helpful in decreasing needle deflection, which is using template grid system, is
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explained in Section 3.5. Our needle steering controller is explained in Section 3.6.
The needle steering controller takes inputs as needle tip deflection and coordinates of
moving bloodless area center as can be seen in Figure 3.1. It creates output as control

commands to be given to percutaneous needle model.
3.2. Modeling
3.2.1. Mathematical Background

Due to the rapid accessibility of simulation results and their simplicity in processing,
most dynamic problems are modeled using a rigid-body approximation. It is
appropriate to use this approach in the dynamic modeling of non-deformed or slightly
deformed objects, since it provides ease of calculation and analysis in fully dynamic
modeling of the system taking into account all physical constraints. However, in some
systems deformation can be important criticality such that it affects the performance
of the system causing movement in the environment leading to the deterioration of the
control algorithm. In addition, deformation adversely affects disturbances by
enlarging the vibrations occurring in the system thus increasing the energy losses and
rendering high precision control difficult. In order to eliminate those unwanted effects
(such as vibration and energy dissipation turning into heat or sound noise in the
manipulator), active noise control and adaptive compensation methods are often used
in robotic systems. In such cases, where accurate and realistic modeling is targeted,

flexible bodies must be modeled with precision.

Although finite element method is one of the many existing methods for modeling
flexible bodies, calculations used in this method are costly and require special
engineering approaches combining mathematics and physics, such as differentiation,
discretizing, linearization and interpolation, to implement control systems in systems
such as ours where deformations are of prime issues. Since the lumped parameter
method divides the entire body into small units, it reduces the computational cost
decreasing the number of ordinary differential equations to be calculated. We thus

adopt used the lumped parameter method instead of finite element method which
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prevails to be a more practical method to model needle and tissue elasticity in our

system.

We implemented this lumped parameter method in Simscape Multibody™ [85],
which provides a multibody simulation environment for 3D mechanical systems, such
as robotic systems. In this environment, one can model multibody systems including
body blocks, masses, joints, constraints, forces, inertias and sensors. Simscape
Multibody™ helps to formulate and solves the equations of motion for the complete
mechanical system. In addition to these, system dynamics can be visualized in a 3D
animation. We designed our control method and implemented using MATLAB®
variables and expressions in Simulink®. In the same manner, we tested the system-

level performance of our system in this simulation environment.
3.2.1.1. Lumped Parameter Method

The lumped-parameter method is based on the approach that a body is formed by
joining smaller flexible parts rigidly to model the flexibility of a body. The flexibility
of these small parts is ensured by the combination of spring and damper placed
between solid bodies. Thanks to this combination, internal and external force related
to deformation of the body are calculated. This spring and damper composition
corresponds to a joint and each joint forms a degree of freedom for the flexibility of

the system.

This method is suitable for rod-like bodies with long thin geometries. Figure 3.2 shows
a body whose elasticity is modeled, divided into four flexible parts. Forming parts of
a flexible beam where each part consists of two masses (m), one spring (k) and one
damper (b) (Figure 3.2). The flexible beam is made of rigidly fixed parts to the next
flexible beam. This structure is implemented in MATLAB® Simscape Multibody™
(Figure 3.3). As it can be seen, this structure in software environment consists of two
rigid elements bounding with a flexible joint. When connecting the joint to rigid
elements, the frame transformations are made to make the frames of the rigid bodies

coincident with the flexible joint frames. For ease of use in whole system, coordinate
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transforms are placed in base and front frames of flexible beam. This flexible beam
implementation is used in modelling percutaneous needle and soft tissue, which are

two of main blocks in system block diagram (Figure 3.1).

Figure 3.2. Lumped parameter method approach [85]
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Figure 3.3. MATLAB® implementation of a flexible beam

3.2.1.1.1. Harmonic Oscillators

When modeling a rod-like body with a lumped-parameter method approach, assuming
that there are only longitudinal forces, i.e., tension and compression along the rod,
each flexible beam of this body can be perceived as a damped harmonic oscillator with
a translational degree of freedom assuming one of each successive flexible beam
stationary and the other moving. The motion model is as in equation (3.1), where m

is the mass of element, by is translational damping coefficient, k is the translational
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spring coefficient, f is the net external force on mass element and finally u is the
distance translated from equilibrium point by the mass (Figure 3.4). On the other hand,
if the movement involves twisting, the rotational component turns the equation (3.1)
into (3.2), where [ is the inertia moment of the moving element, by is rotational
damping coefficient, ky is the rotational spring coefficient, t is the net external torque
on mass and finally 6 is the offset of rotation from equilibrium point by the mass.

Rearranging equation (3.2) using the damping ratio { and natural frequency w,,

equation (3.3) arises, where { = 2;1% and w, = kI—R
R
10 +2{w, 0 + w,%0) =1 (3.3)

The critical damping coefficient is expressed 2@. If by is greater than the critical
damping coefficient, the system is overdamped. In this case, the system cannot
oscillate, response times are large and extra force is needed to move. In the situation
where by is smaller than the critical damping coefficient, the system is underdamped,
leading to system oscillations dissipating energy. Finally, when ¢ equals to 1, which
means by equals to critical damping coefficient, the system is critically damped to the
borderline of non-oscillatory behavior with the least of response time in the
overdamped region. The system in this case returns to its equilibrium point fast
without energy loss. On the other hand, the natural frequency can be defined as the
rate of vibration of an undamped system which has no load. Therefore, when defining
the natural frequency of a percutaneous needle, we have taken the flexibility of the
needle into account without any load on the needle in order to perform a simulation

under a successful and realistic modeling. When a flexible beam is thought as an
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oscillator, it has one degree of freedom. But, the whole system consisting of more
joints than one as like ours, shows properties of many harmonic oscillators. Using the
MATLAB® and Simulink® environment, we have calculated and simulated these
oscillations of numerous and different harmonics considering the percutaneous needle

made of stainless steel.

u
>

-/ \/\- f
il —>

Figure 3.4. An illustration of a flexible beam with related parameters modelled by lamped parameter
method [85]

3.2.1.1.2. Spring Coefficient

In order to use the harmonic oscillators when dynamic modeling of our system, we
need to model the spring coefficient. Moreover, when we calculate t, the net external
torque in system, spring torque should be added into account. According to Hooke’s
law, in a bending beam scenario, the spring torque on a joint can be expressed as
equation (3.4), where 7, represents spring torque, kyis rotational spring constant and

6 is angle of deflection.
T, = kg0 (3.4)

On a continuous flexible beam, according to the classical beam theory, the bending
model can be calculated as in equation (3.5), where M, E, I,and R represent
individually, the bending moment, the Young's modulus, the second moment of area

and the curvature bending radius. When the deflection is getting smaller, 8 can be

assumed to be equal to é , Where [ stands for the beam length which does not deform.

Then, equation (3.4) turns into 7;, = kR% . Under this condition, if we let the spring

torque equal the bending moment, we get equation (3.6). On the other hand, we can
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simply define the [ as the fraction of the total length of flexible beam L over the
number of the units in flexible beam. This relation can also be seen in equation (3.7).
For clarity, Figure 3.5 can be shown as illustration of parameters 8 and R, which are

angle of deflection and bending radius of curvature, respectively. In such a case, the
one of existing two mass element of a flexible beam is longitude of é Flexible beam

unit framed by the red circle in Figure 3.5, corresponds to one of the four flexible parts

in Figure 3.2.
M= % (3.5)
ky = % (3.6)
L= 1, where [ =% andi=1,2,..,N 3.7)

'
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Figure 3.5. Bending flexible beam representation [85]

3.2.1.1.3. Damping Coefficient

Since human soft tissue is also flexible and we have to pierce several layers of human

tissue to reach the targeted bloodless area of the kidney cones, calculations involving
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the damping coefficient of the tissue are important for predicting soft tissue
deformation in surgical interference such as needle insertion as in laparoscopic
intervention[87]. The term damping ratio is used to describe how a system will return
to the initial state of equilibrium as a result of a disturbance. It defines the magnitude
and frequency of the oscillation. Many systems, such as spring systems, start to
oscillate when disturbed from a static equilibrium. As an example, this oscillation can
be easily seen if the spring with a load at its end is pulled and released. During this
oscillation, the load attempts to return to the initial equilibrium position, but the system
exceeds the equilibrium position, by overshooting with amplitudes of the oscillation
continuously decreasing due to friction. The damping rate is a dimensionless measure.
As the damping rate of a system increases, the oscillations caused by a disturbance

decrease, i.e., the rate of reaching the equilibrium position increases.

In our design, damping is assumed to be linear and bounded. Under this circumstance,
damping torque magnitude in one degree of freedom is expressed as in equation (3.8),
where T, represents damping torque, by represents damping coefficient and

6 represents the first derivation by time of deflection angle.

Tp = bRH (38)

If we choose an approach in a manner of first order approximation, the damping
coefficient would be proportional to the spring coefficient. This relation can be written
as in equation (3.9), where « is a constant which will be varied in the sensitivity

analyses conducted in this thesis.

bR = akR (39)

Modeling the flexibility of the needle and the soft tissue surrounding, taking into
consideration correctly the damping coefficient correctly, allows us to calculate the
deflection of the needle due to force exposed by tissue as the percutaneous needle

moves through the tissue in our system.
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3.2.2. Modeling Percutaneous Needle

Percutaneous needles used in minimally invasive surgical operations show flexible
behavior. We already mentioned to model this in MATLAB® using the lumped
parameter method, defining the flexibility property as flexibility as a chain of flexible
joints. In our experiments in the real world, we saw that this needle did not bend at
different axes at the same time, so we assumed that the needle can rotate around only
z axis in the simulation. Since the percutaneous needle can be moved by pushing from
its base in real percutaneous nephrolithotomy operations, the movement of this model
with five rigid parts flexibly attached is provided by the prismatic joint placed on its
base in the simulation. This section of implementation can be seen in Figure 3.6. The
approach of the needle to the tissue was generated as a signal input to the prismatic
joint by PI control, which is given in detail in Section 3.6. Since the material of the
needle is stainless steel, we have realized the values in the simulation by using the
mechanical properties of stainless steel. Accordingly to that material, its density,
modulus of elasticity, shear modulus, elastic damping factor and shear damping factor
are chosen as 2800 kg/m3, 7.0E+10 N/m?, 2.6316E+10 N/m?, 2.58E-05 sec and
3.22E-06 sec, respectively. As geometric properties, the diameter and length of needle
are implemented as 5mm and 30cm, respectively. Gravity was neglected during the
whole simulation. This does not move us away from generality since the whole human
body is affected by the same gravity and thus can be globally eliminated. The
MATLAB® Simscape Multibody™ implementation of this scenario can be seen in
Figure 3.6. In this figure, Transform BeamX and Transform PortF make the needle
base and needle tip frame coincidence with the world frame, respectively.
Flex_Elem_i, for i=1,2,3,4,5, represents our five flexible beam units in percutaneous
needle model. B and F are the ports specialized by Simscape and represent base and
front frames, respectively. Also, this implementation is shown in Mechanics Explorer
of MATLAB® Simscape Multibody™ as like in Figure 3.7. This needle has radius of
1mm and length of 20cm. The needle tip is design in 3D rendering program, Creo, in

real percutaneous needle dimensions in order to simulate its inertia properly. In
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simulation model needle base starts its movement before 21 cm from the center of

tissue surface.

[ []
Q—EE/LF] He FE—0mHE FE— —EE"{FJ—®

B Transform  Flex_Elem_1 Flex_Elem_2 Transform F
BeamX PortF

|—EB FIE Ee FHE Ee FHE

Flex_Elem_3 Flex_Elem_4 Flex_Elem_5

Figure 3.6. Modeling of percutaneous needle in MATLAB®

3

Figure 3.7. Percutaneous needle model appearance in Mechanics Explorer of MATLAB® Simscape
Multibody™

3.2.3. Modeling Soft Tissue

Soft tissue modeling is also performed using the lumped parameter method, similar to
the modeling of the needle flexibility. To simulate the tissue, the proposed model is
divided into thinner layers perpendicular to the x axis. These layers are fixed on the
outward-facing surfaces of the tissue by means of revolute joints. In this way, tissue

flexion and deformation resulting from needle insertion were modeled as close to
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reality as possible. The model parameters are also arranged according to the
experiments in which a large number of studies are quoted and verified, in the
literature [67], [87]-[90]. By this means, material density is assumed to be distributed
homogenously and equal to 1000kg/m3 inspired by study of Mast [88] in 2000.
Modulus of elasticity is chosen as 63000 N/m? by the help of study DiMaio and
Salcudean [67] in 2003 and study of Chen et al. [89] in 1996. Shear modulus is decided
to implemented as 1800 N/m? through the study conducted by Karpiouk et al. [90] in
2009. Elastic damping factor and shear damping modulus are designated as 0.05 sec
according to the experiment of Levinson et al. [87] in 2000. All in all, the parameters
belonging to our designed system is chosen according to the real human soft tissue

parameters.

As a result of the final design, the tissue model consisted of 10 separate flexible parts.
Each of these flexible parts contains five flexible beams. We have placed these 10
separate flexible parts in 5 layers and 2 in each layer. Thus, we have formed a three-
dimensional solid body consisting of rectangular prismatic units, since we have
designed the flexible units a rectangular prismatic unit in every flexible beam in order
to model and observe interactions between units easily in the case of tissue
deformation. Modeling of soft tissue in MATLAB® can be seen in Figure 3.8. Here
the interaction between layers are defined with joints generating coordinate
transformations for needle deflection. By this means, the nonlinearity of interaction
between layers can be arranged easily for the different simulation cases. In this thesis,
we use these interaction model for analyzing the forces between needle and tissue
surface when the percutaneous needle pierces the tissue and also the forces affecting
needle deflection. After piercing, due to the simulation time cost, we did not use this
interaction model between different soft tissue layers. We design a nonlinear spring-
damper model and simulate the needle tip deflection caused by needle-tissue
interaction with this model. By this nonlinear spring-damper model, we can also
model different pressure forces on the needle tip which can arise differently in every

different patient. The model and related results can be found in Section 4.2.2.

39



Other elements in Figure 3.8 are used for the frame arrangement to form the model
as our desire. This whole model simulating our soft tissue has a width of 10 cm, a
length of 12.5 cm and a height of 5 cm. We chose those dimensions as affected volume
due to needle insertion, according to our observations based on the tests we performed
on patients in the surgery and also in ballistic gel we prepared to simulate human soft
tissue. Also, this implementation is shown in Mechanics Explorer of MATLAB®

Simscape Multibody™ as like in Figure 3.9.
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Figure 3.8. Modeling of soft tissue in MATLAB®
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A flexible unit

Figure 3.9. Tissue model appearance in Mechanics Explorer of MATLAB® Simscape Multibody™

3.2.4. Modeling Bloodless Area

How the blood vessels circulate in the kidney define the kidney into the regions which
can be seen in Figure 3.10. The line separating the middle and upper regions from the
posterior region is called the bloodless region, i.e., Brodel’s line [91]. When the kidney
Is to be traversed from external layers, the entrance should be from this region to avoid
damaging the kidney and surrounding blood vessels. In order to intervene and destroy
stones, the operator has to enter the nearest calyx through this line. This corresponds
to a 2cm diameter circular area in this region to avoid damage to calyxes that are not
close to the stone[92]. For correct and safe entrance to the kidney, Figure 3.11 is a
good example. According to this picture, the way numbered as 1 is the correct
puncture. Punctures through ways 2 and 3 are not close enough to the stone, and are
also dangerous since these entries have the risk of harming calyx which is chamber of

the kidney through which urine passes and its surrounding arteries [93].
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Figure 3.11. Renal access examples [93]

For modeling bloodless area which is correct entrance area, an ellipsoid solid body of
2 cm diameter is identified. This bloodless area model is positioned as adjacent to the
furthest tissue layer from the needle insertion point. As described in the previous
chapter, the bloodless area is modelled to move in the plane that accepts needle
trajectory as normal. In this plane, it moves horizontally in distance range of 6 cm and
vertically in distance range of 2 cm with a velocity changing sinusoidal. The period of
movement was determined as 6 second. We determined these values by the help of
our experience in hospitals with patients under general anesthesia and literature
research that we represent in detail in Chapter 2. In Figure 3.12, the Simulink
implementation of the bloodless area can be seen. Rigid body represents the ellipsoid

solid body which has 2 cm diameter. This solid object is connected to two different
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prismatic joints which provide the movement of the bloodless area in to different axes
after the necessary frame translation. Blocks marked as SPS convert signals in
sinusoidal form into physical signals that enable the movement of joints. The
transform sensor gives the coordinates of the bloodless area center during simulation.
PSS blocks convert this information into signals. With Scope block, we can observe
this data in a graphical way. In Figure 3.13, a needle steering cycle can be seen. In this
figure, the movement cycle of the bloodless area is also represented. In third picture
in this figure, the bloodless area is completed half a turn of its movement cycle and it
returns to its original position in forth picture. The trajectory of bloodless area and its
movement margins can be seen in Figure 3.14, so that they are 6 cm in horizontal axis
and 3 cm in vertical axis. In order to provide this trajectory, the motion frequency of
the joint providing the vertical movement of the region is two times the frequency of
the joint providing the horizontal movement of the region. This is because, the kidney
stone and the bloodless area move anterior-posterior (front and back of body) direction
both while breathing in and out, and these movements are identical. So this means, the
kidney stones move anterior-posterior direction two times in one breathing cycle. The
period of superior-inferior (head and foot) direction movement of bloodless area is the
same as for a full breath. So this means, the kidney stones move horizontally with the

same period as the breathing period while patient lying down under general anesthesia.
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Figure 3.12. Modeling of bloodless area in MATLAB®
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Figure 3.13. Modeling whole rigid system with moving bloodless area

Bloodless area
trajectory

Figure 3.14. Bloodless area trajectory and movement range
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3.3. Needle-Tissue Contact Forces

Throughout the needle trajectory, the needle-tissue contact forces came into play and
we modelled them with a compliance control which is one of the methods used for a
robotic system to work in harmony with the surrounding environment elasticity.
Compliance control can be defined as adjusting the movement of the end effector
relative to the environment feedback obtained from the sensors [91]. Compliance
control explains the dynamic relationship of the robot to position, speed, acceleration
or forces feedback for the environment and focuses on the mechanical impedance of
the system [95]. Dominating mechanical impedance ensures that the robotic system
interacts safely with its environment. Also in our case, it will be important for the
safety of the system we designed that the needle does not damage the surrounding
tissues and vessels while reaching to the bloodless area. Unlike the classical control
methods in which position and force are controlled, compliance control also takes care
of the power transmitted to the system and its surroundings. Likewise, we consider
the power transmission on the percutaneous needle and soft tissue surrounding it. We
have implemented compliance control in our design considering the sphere to plane
specifications. Because we have designed the tissue layer by layer, we modeled and
analyze the contact of the needle tip to the tissue by modelling the needle tip as a
sphere and the instant structure of the tissue as a plane. This implementation of
MATLAB® Simscape Multibody™ can be seen in Figure 3.15. According to this
implementation, we give the sphere frame that we have identified as the needle tip and
the frame of the tissue layer we define as the plane as inputs of sphere to plane contact
forces block in MATLAB®. In this block, whose contents are given in Figure 3.15,
we sense this sphere and plane whenever they contact each other and calculate the
forces and torques that will occur in contact. It is also possible to visually see this
sphere and plane we have defined through this block. The blocks that provide the
visualization can be seen in Figure 3.15 as Visual SphF, Visual PlaBnZ and Visual
PlaBpZ. Visual SphF represents the visualization of sphere as front port of the sphere
to plane contact force block. Visual PlaBnZ and Visual PlaBpZ represent the
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visualization of plane after transformations required for visualization. The appearance

of this implementation is can be seen in Figure 3.16 as a sphere on the needle tip and

plane on the tissue surface.
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Figure 3.15. Sphere to plane contact forces implementation in MATLAB®
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Figure 3.16. Visualization of sphere to plane contact
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3.4. Needle trajectory calculation

Since the position of the target also changes when the needle is inserted, the planned
direction before needle placement may not always be able to find and reach the target.
The displacement of the target also needs to be continually tracked and renewed in the
needle path planning as it depends on several factors, such as patient anatomy, needle

insertion speed, position and acceleration during insertion.

In the literature, various methods have been presented as a solution to this target
tracking situation. The most important of these are mechanical simulation, active

tissue deformation and steerable needles.

Two different methods are used as the basis of mechanical simulation. One of them is
finite element method (FEM) and the other is mass-spring-damper model. While FEM
gives better results than the mass-spring-damper model in terms of volume, the mass-
spring-damper model gives faster results since obtaining of the model parameters in
FEM brings a lot of processing load in time and labor. Both techniques model tissue
based on nonlinear parameters. An example of mechanical simulation is illustrated in
Figure 3.17 as a block diagram. In this example Kobayashi et al. [82] represent a
method containing mechanical simulation. According to this study, they use
diagnostic computed tomography images and model parameter database as
preoperative information input to the organ model planner. After planning trajectory
to the target, the calculated trajectory data is sent to controller. Controller continuously
updates the trajectory according to the coming data from ultrasound imaging as
intraoperative information. This intraoperative information also helps to update
controller as being input to model parameter identifier. S similar structure can be

established in our system
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Figure 3.17. Trajectory calculation of robot designed for breast cancer [82]

Active tissue deformation technique is proposed by Mallapragada et al. [83]. In this
technique, the position of the target is updated by manually intervening the tissue
according to the planned direction before the operation by simply with a finger or a
rigid material. Due to the fact that it requires manual intervention, it is not preferred
in robotic systems. An example scenario can be seen in Figure 3.18. In above part of
this picture, there is an obstacle on the needle trajectory to the target. In the below
part, it is intervened by finger or rigid material to allow the obstacle to be displaced
and thus pulled over the planned trajectory. There will be no such obstacle in our

system.
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Figure 3.18. Active tissue deformation [83]
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On the other hand, steerable needles follow the pre-planned trajectory because their
actual trajectory adjust to the desired one in real time. Therefore, it is a more error
handling structure than in the case of flexible and uncontrollable needles according to
its adoption. However, it is not preferred in physical operations due to human and
tissue compatibility. Because, when a needle is designed, the approval stage of its
suitability to the surgical operation takes long time by the competent authorities. On
the other hand, the adaptation of surgeons to operate with a needle other than the one
they always use is not welcomed by every surgeon. A picture of an example design of
steerable needle is illustrated in Figure 3.19. This figure shows a needle design that

can be programmed and given movement by its four different segments
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Figure 3.19. Programmable bevel tip steerable needle [84]

3.4.1. Image based needle guidance

Steerable needles need feedback for the environment either from the operator or from
sensors available. Feedback can be obtained from the medical imaging units as visual
sensory feedback to change the direction of the needle relative to the displaced target.
With this unit, ultrasound image is preferred to magnetic resonance imaging (MRI),

fluoroscopy or computed tomography (CT). MRI is not suitable for use in real time as
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it requires a long time to obtain images with sufficient resolution. In addition, due to
the use of strong magnetic fields, it cannot adapt to the needle materials and cannot be
used with every needle. On the other hand, because fluoroscopy and CT emit X-rays
and it is dangerous for the health of patient, it must be used under the supervision of a

surgeon to be safe.

Finally, the ultrasound images often are deteriorated with noise that make needle
detection difficult, without giving a clear image when manually operated that requires
the user's experience. However, it is one of the preferred medical imaging methods
because it is cost-effective and reliable, since it has not fish-eye effect like in computed

tomography (CT) and it can give distance and position data more accurately.

Although the experimental results are promising, there are very few imaging guided
needle insertion devices or robotic systems on the market since the cost of computation
is very high. Perhaps in next future, due to the rapid development of technology, the
proposed systems can be implemented. In our proposed system, we need that both the
information we will receive before the operation and the information we will use as
feedback during the operation should provide the correct coordinates of the bloodless
area and the needle tip according to the world frame or another reference frame

accurately. This is the only way we can use our proposed system efficiently and safely.
3.5. Grid System

In order to minimize needle deflections caused by the pressure of the tissue or the
failure of the needle insertion to the tissue surface at a rectangular degree angle, we
have noted in Chapter 2 that the needle insertion into the soft tissue can be provided
by the help of a grid. In the simulation we performed in MATLAB® Simscape
Multibody™, we modeled this grid system in a different way. We have implemented
a tube to surround the percutaneous needle. We have defined a sphere whose diameter
is the same as the diameter of the needle at where the percutaneous needle enters the
soft tissue, so that the needle does not deviate from the point, which it enters into the

soft tissue, during the advancement of the percutaneous needle to the bloodless area.
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We implement the length of the tube 3mm longer than the length of the needle. Thus,
we ensure that the needle pierces exactly perpendicular to the tissue surface. We have
presented the results of this implementation considering contact forces between this
tube and sphere in Chapter 4 in detail. We analyze and explain the behavior of the
system according to the diameter, stiffness and damping characteristics of the tube we
implement in Chapter 5. Therefore, our analysis considering these parameters will be
a useful guide in the creating of the real robotic system, which we consider to be a

future work. This implementation can be seen in Figure 3.20 visually.
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Figure 3.20. Grid implementation in MATLAB® Simscape Multibody™

3.6. Controller

As we tried to solve the control problem of the needle tip to reach the bloodless area
in the most efficient way, we defined a new frame so that the needle deflection is in a
single axis. For defining this frame, we calculated the needle tip deflection iny and z
axes of the world frame. Then we rotate the world frame around x axis so that the

needle tip deflection is only in y axis of the new frame. By doing so, we actually
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reduce the number of variables to be controlled and workload of our closed-loop

control system.

We have designed the control of our system with two closed loops. We used Pl
controller that is widely used in various of applications requiring continuously
modulated control as can be seen in Figure 3.21. We define de proportional
coefficients as 0.0001 for two blocks. We define their integral coefficients. These are
128 and 10 for the PI 1 and PI 2, respectively. We tune the proportional and integral
coefficients using MATLAB® PID fine tuning tool for optimal control. When the
proportional gain is too high, the system becomes unstable and the response signal
shows oscillatory behavior. In contrast, a small gain results in a small output response
to a large input error, and results in a less responsive thus less sensitive controller.
The integral term decreases rise time, accelerates the movement of the process towards
setpoint and eliminates the residual steady-state error that occurs with a pure
proportional controller. However, since the integral term responds to accumulated
errors from the past, it can cause the present value to overshoot the setpoint value.
With all these in mind, our proposed system is designed with an underdamped
response, since we predict that the critically or overdamped system would give much
more damage to the tissue with a large rise time. On the other hand, the reason why
the ratio between the proportional and integral coefficients is so high is that we do not
have any information about the closed loop system and that the controller is stable in

the range we work.
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Figure 3.21. Control loop of proposed system

In the inner control loop, we take into account the absolute difference between the
signals of areaY’ and NeedleTipY~ as input of first Pl controller (Pl 1). They represent
the bloodless area center and the needle tip positions in y axis of the new frame we
defined. In the outer control loop, we take the difference between the signals of areaxX
and NeedleTipX as input of the second PI controller (Pl 2). They represent the
bloodless area center and the needle tip positions in x axis of the world frame.
Combining these two outputs of PI blocks, we give input our plant as the position
signal of prismatic joint which is attached to the needle based and provides the
movement of needle in x axis of world frame. We discuss the behavior of this
controlled system which is highly open to development in detail in Chapter 4 and 5.
We also introduce here for demonstrative purpose the unfavorable results given in
Figure 3.22. In nonoptimized results of this figure, when Kp of PI 1 increases, the rise
time observed to decrease. When Kp of Pl 2 increases, the oscillations increase about
the set point which is an undesired behavior. When Ki of Pl 1 decreases, the rise time
IS getting longer so that the arrival time to the bloodless area exceeds 10 seconds.
When Ki pf Pl 1 increases, the rise time decreases. Thus, these parameters can be
tuned according to the desired piercing velocities. On the other hand, when Ki of PI 2

decreases, we see similar result with our optimized controller in the manner of rising
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time, non-oscillatory and underdamped behavior. On the other hand, when Ki of PI 2

increases, the system is getting unstable and the needle tip cannot reach the set point.

Controller response
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Figure 3.22. Controller response
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CHAPTER 4

RESULTS AND DISCUSSION

In this section, we will explain and discuss our simulation results, as well as those
from our experiments on ballistic gel. We also compare and discuss the results

obtained from the simulations in the literature and our actual experiments.
4.1. Simulation Environment

We implemented our proposed system in the simulation environment of MATLAB®
Simscape Multibody™. We used the 2019a version of MATLAB®. Our simulation
consists of modeling the percutaneous needle, soft tissue and bloodless area. We
model the elasticity and nonlinearity of percutaneous needle and soft tissue by lumped
parameter method as we mention in Chapter 3 in detail. The needle can be controlled
from its base thanks to the attached prismatic joint which is able to move in its z axis
like in a real percutaneous nephrolithotomy operations. On the other hand, the soft
tissue model is simulated as fixed to the platform but able to move rotationally in its
z axis thanks to the attached with revolute joints in Simscape Multibody™ simulation
environment. The axes of these joints can be seen with number 1 and 2 in Figure 4.1.
In this picture the most left two axes show the axes belonging to the prismatic joint at
the needle base. The distance between these two axes is equal to distance of needle tip
from its home position. The most right ten axes, which are numbered from 3 to 12,
represent the revolute joint that fix the soft tissue to the platform. This is modeled in
this way because the real tissue body is also not rigidly fixed any frame. We modeled
these imaginary revolute joints in the aim of giving rotation to fixed point to perform
tissue deformation due to needle insertion. Bloodless area is modeled by using an
ellipsoidal rigid body from Simscape Multibody™ library with its movement modeled

by two different prismatic joint moving sinusoidally in two perpendicular axes. This
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Is also explained in Section 3.2.4 in detail. In all these conditions, we give position
input to the prismatic joint at the needle base as a nonlinear function due to needle
deflection caused by nonlinearity of tissue and target movement caused by respiration.
We assume to hit the bloodless area in the middle with minimum error by the needle
tip throughout this simulation. This assumption does not take us away from our aim.
Reaching the needle tip anywhere in this area is enough to make the operation

successful.

@)

B

Figure 4.1. Modeling prismatic joint in needle base and revolute joints in soft tissue fixation point to
platform

4.2. Simulation Results for Needle Steering and Discussion

In this section, we test and analyze our approach considering the main situations that
may arise in real surgery and may cause difficulties. We cover the issues of tissue
surface deformation resulting from needle insertion. We also observe and evaluate the
force generated by the first contact of needle with soft tissue. We examined how much
the forces caused by the movement of the heterogeneous tissues can create deviations
from the needle entry point, after the entry of percutaneous needle into the soft tissues.
Finally, we handle our control method in order to reach the bloodless area with the

56



percutaneous needle tip in minimum time and position error, targeting the middle of
the bloodless area. We analyze the MATLAB® simulation results of our needle

steering proposed method described in Chapter 3.
4.2.1. Force and Deformation Due to Needle Insertion in Simulation

As we state before in Chapter 2, surgeons cut the skin with a scalpel and enter the
tissue directly with needle tip, not through skin. This is because the entering needle
through the skin causes excessive stretching, deformation, and even a large
displacement of the kidney in percutaneous nephrolithotomy surgeries. Unfortunately,
although this procedure is performed and the needle is inserted through the soft tissue,
tissue flexion and deformation may still occur. In addition, this flexion and
deformation cause the force to affect the needle in more than one direction, causing
the needle to deviate from the trajectory planned at the entrance. We modeled these
forces and deflection caused by them with compliance control, as mentioned in
Section 3.3. We run simulation for the different settings. Two of them are for constant
velocities of the needle which are 5.8 mm/s and 9.3 mm/s. They can be assumed
average and high velocities according to recorded velocities belonging to real needle
insertion operations as we mention in Chapter 2.2.3. The last one includes a PI control
in the needle advancement and its instant value is about 160mm/s in entry time of
needle into soft tissue. We give details of simulations which are done with needle
insertion velocity values of 5.8 mm/s, 9.3 mm/s and 160 mm/s. The other values also

can be seen in Table 4.1.

Table 4.1. Forces and Deformation due to Needle Insertion

. . . Needl|
Needle Insertion Normal _ Damping Tissue Surface eed. ©
. Friction force . Insertion
Velocity Force Force  Displacement .
Duration
5.8 mm/s 1.4 N 10 mN 50 mN 0.3 mm 120 ms
9.3 mm/s 1.4 N 10 mN 100 mN 0.1 mm 100 ms
15 mm/s 15N 10 mN 130 mN 0.16 mm 42 ms
22.5 mm/s 153N 7 mN 200 mN 0.19 mm 26 ms
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40 mm/s 1.65 N 6 mN 350 mN 0.67 mm 13 ms

60 mm/s 23N 4 mN 535 mN 0.09 mm 11 ms
90 mm/s 241 N 22 mN 800 mN 0.042 mm 8 ms

120 mm/s 263N 1.4 mN 11N 0.033 mm 6.4 ms
160 mm/s 28N 0.1 mN 16N 0.025 mm 5.3ms

We have used two different PI controllers. One of them takes input as the distance
between needle tip deflection and the bloodless area center in rearranged frame
according to the deflection and feeds the input given to the prismatic joint in the base
of needle. The other one takes input as the distance between needle tip and the
bloodless area center in x axis of world frame and it also feeds to input given to the
prismatic joint in the base of percutaneous needle. The details of these PI controllers

can be found in Section 3.6.

We are mainly interested in three forces in compliance control and contact force
analysis. These forces are normal force, friction force and damping force. We examine
the friction force as the sum of the kinetic and static friction forces occurring on the
viscoelastic tissue modelling. We expect the greater force magnitude change to occur
in the normal force, since we plan needle insertion to the soft tissue perpendicularly
to the tissue surface. Secondly, the magnitude change in damping force would be large
due to elasticity of the soft tissue. Lastly, we expect that friction force to be the
smallest compared to the damping and normal forces since the percutaneous needle
tip is very sharp and apply high pressure to the tissue. If we look at the Figure 4.2 and
Figure 4.3, we see that our expectation is true in the case where the instant
percutaneous needle insertion velocity is at least 5.8 mm/s. According to Figure 4.2,
the needle insertion forces took over 120 milliseconds to exceed. These figures show
the normal, friction and damping forces, respectively, during first interaction between
the percutaneous needle and soft tissue surface. The value of the friction force varies
between -10 mN and +10 mN, while the maximum value of the normal force is 1.4 N

when the instant needle insertion velocity is 6.8 mm/s. In this same condition, the
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damping force varies between 50 mN and 25 mN. As in Figure 4.3. The first
interaction of the percutaneous needle with the soft tissue surface is performed at time
1.7 seconds since the needle tip position progresses in sinusoidal form. Figure 4.4
shows the movement detail such as acceleration, position and velocity of the prismatic
joint actuating the percutaneous needle at base of it. In Figure 4.5, we can see the
displacement magnitude of the tissue surface due to insertion. The soft tissue surface

cavitates inwards with a magnitude of approximately 0.3 mm.
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Figure 4.2. Normal and friction force vs time graphs @5.8mm/s

Damping Force vs Time Graph (@5.8mm/s)
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Figure 4.3. Damping force vs time graph (5.8mm/s)
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Figure 4.5. Tissue surface displacement to inwards vs time (@5.8mm/s)

In the simulation that performed the needle entrance into the soft tissue with velocity
of around 9.3 mm/s, the normal force and friction force do not vary much according

to the case of 5.8 mm/s needle insertion speed as we can see in Figure 4.6. This is
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because the elasticity of the tissue does not show difference much between these
velocity values. However, the faster the needle insertion makes the greater the amount
of vibration in the tissue. This is easily understood from the damping force graph and
the maximum value of the force approaching 0.1 N in Figure 4.7. From Figure 4.6
and Figure 4.7, we can also see that the first needle-tissue interaction takes place when
time is equal to 1.075 s and lasts 100 ms. As expected, the time of penetration of
needle through tissue decreases as the needle insertion speed increases. This is seen
by looking Figure 4.2, Figure 4.3, Figure 4.6 and Figure 4.7. Additionally, in Figure
4.8, it can be seen that needle has insertion velocity magnitude of 9.3 mm/s at time
approximately equal to 1.1 s. At that time according to the left side of Figure 4.9, the
soft tissue surface bends inwards 0.1mm. This means that, increase in the needle

insertion speed causes a decrease in the inward tissue surface displacement.
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If we look at the left side of Figure 4.10, we can easily see that the normal force get
bigger when compared to cases with smaller needle insertion velocities. This is to be
expected, because as the speed increases, the normal force generated by the tissue
increases since the moment increases. In our previous results, we see that normal force
value is less than 1.5N. However, the normal force is close to 3 N at 160 mm/s needle
insertion speed. In the right side of Figure 4.10, maximum value of friction force is
smaller than 0.1 mN, this is because the higher the instant needle insertion speed, the
less time the needle has to deform the surface because it pierces it. Thus, the friction
force on the percutaneous needle is significantly reduced. From this picture we can
also see that the first needle-tissue interaction takes place when time is around 83 ms
and lasts approximately 5.3 ms. As we can see in Figure 4.11, in the case of the needle
insertion velocity of approximately 160 mm/s (Figure 4.12), damping force and
vibration in the tissue get large and the value of damping force exceeds 1.5 N and
achieves a maximum. On the other hand, the system that we modelled suggests that
the needle can also be inserted at velocity of 160 mm/s, and that this will not cause
much deformation in the tissue. In terms of validation our simulation results support
this proposal. Although this may seem dangerous and damaging to the tissue at first
glance, we anticipate that this rate of insertion would be applicable, given the fact that
in real percutaneous nephrolithotomy surgeries it is very difficult to reach the
bloodless area at once. Because, it is very difficult to reach the bloodless area in one
attempt according to our actual surgical experience. Surgeons often fail to reach this
area in the first attempt, and this causes much more damage to the tissue. In addition
to these, when we look at Figure 4.13 we can see that the tissue surface displacement
is less than 1mm. This means that, as de velocity increases, the tissue surface

displacement gets smaller.
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Figure 4.10. Normal and friction force vs time graphs in our system model
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4.2.2. Needle Deflection in Simulation

During the progression of the percutaneous needle in the tissue, the tissue exerts force
on the needle. These tissue compliance forces are also influenced from respiration and
tissue compliance heterogeneity varying from patient to patient. When we define the
effect of tissue on the needle as a contact force, our simulation speed is very slow
because of the insufficient capacity of MATLAB for modeling similar to finite
element method (FEM) analysis. We chose this way of modeling because this needle
deflection may change at each different entry in each other patient. We modeled these
forces that creates a bending of the needle and deflects it from its planned trajectory
as a combination of nonlinear springs and dampers. We also examined the behavior
of this deflection with and without template grids. We tested these two situations as

we mentioned earlier in our model in Chapter 3.
4.2.2.1. Needle Deflection without Grid

We used nonlinear spring and damper model to model deflection of the needle tip. We
implement the equation (4.1) as a block which represents a spring and damper force
pair acting reciprocally between base and follower frame origins. The two forces in
the pair have equal magnitude but opposite directions. One force acts on the base
frame origin, along the vector connecting follower to base frame origins. The other
force acts on the follower frame origin, along the vector connecting base to follower
frame origins. m is mass of this spring and damper system. c is damping coefficient
and it is equal to 100 N.s/m. k is the spring stiffness coefficient which is 1 N/m in our
simulation. a is the nonlinearity system coefficient and it is equal to 1 in our system.
w is the natural frequency of vibration and it also equals to 1 during our simulation.
We consider the time with the time dependent terms which are mx, cx. However,
ax3term can be related with time. For this purpose, we analyze the equation (4.1) by

modifying ax3term such as tax3, t?ax3, t3ax3, ttax3, t72ax3,t3ax3.

mi + cx + kx + ax® = F,coswt 4.1
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Observing in Figure 4.14 the results of modifying nonlinearity terms, we can say
easily that the force maximum and minimum values decrease when the order of time
decreases. These results belong to the system with no external load. However, in out
model and simulations, this nonlinear spring-damper subsystem is underload,
connected to the percutaneous needle tip. In subsequent graphics the results will be
for loaded cases where oscillation magnitudes are damped. These results are also
compatible with the literature [96].

Nonlinear spring-damper force plot 2 J/Em
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Figure 4.14. Nonlinear spring-damper force plot

We located this spring and damper system in a distance of 1 cm from the needle tip.
A visual representation of this system can be seen in Figure 4.15. We used spring
natural length as variable of nonlinear spring and damper model which we model as
input to our deflection subsystem. We tried to give 5¢cm, 10cm and 20cm respectively
as system natural length of deflection model. We observed the force generated by our
input in the deflection subsystem and the deviation in the needle. Since our needle
advancement is in the x axis relative to the world frame, we discovered the needle

deviation by examining the displacement of the needle tip on the y and z axis of the
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world frame. In our first simulation, 5cm as spring natural length deflection subsystem
input, we observed that the force caused by nonlinear spring on the needle tip reached
approximately 0.425 N around 5.5 seconds which is the time when we reach the
bloodless area in that simulation. However, we can also see that this force rises
steadily just before the peak and reaches around 0.01 N. With this input, the needle tip
deviates by 1.7 mm on the y-axis and approximately 1.4 mm on the z-axis. Nonlinear
spring force and needle tip displacements vs time plots of our model without grid with
5cm input as spring natural length can be seen in Figure 4.16. We anticipate that the
actual deviations seen in real surgeries will be in this vicinity in terms of force and

displacement.

Needle X

Figure 4.15. Deflection subsystem
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Figure 4.16. Nonlinear spring force and needle tip displacements vs time in our model without grid
with the input of 5 cm as spring natural length
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In our second simulation trial with 10cm spring natural length, we can see that the
force originating from nonlinear spring can go up to 0.08N in the first moments and
there are occasional fluctuations in the force due to spring-damper combination in our
deflection model. If we ignore instantaneous peaks, the force generated in the spring
and transferred to the needle tip starts from ON and reaches around 0.012 N in
magnitude around 5.75 seconds which is the time when we reach the bloodless area in
that simulation. The deviation of the needle tip is about 4.75 mm in the y axis and
about 4 mm in the z axis in this trial. Nonlinear spring force and needle tip
displacements vs time plots of our model without grid with 10cm input as spring

natural length can be seen in Figure 4.17.
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Figure 4.17. Nonlinear spring force and needle tip displacements vs time in our model without grid
with the input of 10cm as spring natural length

In our third and last trial we give 20cm input as a natural spring length to needle tip.
In this trial done without grid, we found that the regular rise of the nonlinear spring
force exerted on the needle tip resulted in 0.08N after 50 seconds after the peak around
0.18N at the beginning. On the other hand, the deviation of the needle tip on the y-
axis is around 38mm, while the deviation on the z-axis corresponds to about 32mm.

These results can be seen in Figure 4.18 in detail.
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Figure 4.18. Nonlinear spring force and needle tip displacements vs time in our model without grid
with the input of 20 cm as spring natural length

When we look at the time, we see that the simulation takes 50 seconds. We have
designed our simulation time as maximum 50 seconds in our simulation system model
and modeled it to stop when the needle tip reaches the bloodless area. In this trial, the
needle tip could not reach the bloodless area. In other words, the needle tip deflected
way away from the range of the bloodless area movement so that the needle could
never hit the bloodless area. We foresee that a simulation situation can only occur in
extreme cases of disturbance phenomenon in an unpredictable manner. But if it is
decided that there is no unforeseeable disturbance from outside, the point of entry can
be shifted by the amount of deflection in former trial and in the opposite direction of

the previous needle deflection under the supervision of the surgeon.
4.2.2.2. Needle Deflection with Grid

After modelled the grid as mentioned Chapter 3, we repeated our three trials with its
be same parameters. When we give 5 cm, which is our first experiment input, we see
that the maximum value of the spring force is 0.03 N and the minimum value is 0.07
N in the test direction. If we neglect the instant peaks caused by the contact of the grid
with the needle, we see that the force in the spring starts from ON and reaches around

0.01 N for 5.5 seconds. In this case, we do not see much change in the amount of
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needle tip deflection. This can be explained by the force provided for needle deflection

makes a deflection smaller than the grid radius at the needle entry point.
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Figure 4.19. Nonlinear spring force and needle tip displacements vs time in our model with grid with
the input of 5 cm as spring natural length

On our second trial the input is 10cm of spring natural length in the deflection
subsystem, we see that the contacts the needle at about the 4 seconds and reduced the
amount of deflection. This contact not only fluctuates the force applied by the
nonlinear spring and damper system on the needle but also causes fluctuation in the
graphs of displacement at the needle tip. Putting a grid that needle linearizes the effects
of soft tissue can get thorough it in the entry of the soft tissue, reduces the deviation
from the y axis by 1 mm and the z axis by 0.5 mm in world frame. This proves that
grid placement can reduce the deviation of the y-axis by approximately 20% and the
z-axis deviation by approximately 15%. These data also can be seen in comparison
between Figure 4.17 and Figure 4.20 which are the plots of nonlinear spring force and
needle tip displacements without grid and with grid, respectively, in the case of 10cm
input as spring natural length. According to these two figures, the needle tip deflection

in the y axis decreases from 4.75mm to 3.75 mm in approximately 5 seconds. The
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needle tip deflection in the z axis decreases from 4mm to 3.5mm in approximately 5

seconds in world frame.

Nonlinear Spring Force vs Time Needle Tip Y Displacement vs Time Needle Tip Z Displacement vs Time
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Figure 4.20. Nonlinear spring force and needle tip displacements vs time in our model with grid with
the input of 10 cm as spring natural length

In our last attempt we provide an input with a natural length of 20 cm, we see that the
nonlinear spring force ranges between +0.09 N and -0.01 N and fluctuates much more
compared to former trials, since the contact between the needle and the grid is
increased by time. In the first four seconds, comparing to the simulation without grid,
the deviations in the simulations with template grid are decreased by 1.5 mm and 2
mm in the y and z axes in first four seconds, respectively, with respect to the same
cases without template grid. This corresponds to 20% reduction of the y axis and 25%
reduction of the z axis. After four seconds of simulation, the linear form of the needle
has deteriorated so much that it approached the breaking threshold. This needle

deterioration can be seen in Figure 4.22.
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Figure 4.21. Nonlinear spring force and needle tip displacements vs time in our model with grid with
the input of 20 cm input as spring natural length

Figure 4.22. Needle deterioration
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4.2.3. Reaching Bloodless Area

After examining the forces applied on the needle and the deformation of the tissue at
the time of entry to soft tissue, and then modeling the subsystem for needle deflection,
we implemented a closed loop PI control for needle guidance to the targeted bloodless
area. As in the previous section, we gave 5 cm and 10 cm spring natural length as input
and used it to test our control without grids. We did not use input of 15 cm spring
natural length, since we had found earlier that the needle tip deflection exceeded the
movement range of the bloodless area in this condition. In this section, we analyze
the distance between needle tip and the center of bloodless area upon reach, when the

direction of the force given is varied from the fixed direction of the previous section.

In the first trial, we make the needle tip deflect only in the y axis direction for 3 mm
with 5cm input as spring natural length. The light blue sinusoidal signal in the Figure
4.23 a) graph shows the coordinate change of bloodless area center in the y axis of
world frame which is the longitudinal direction in the human body, that is from toe to
head. The dark blue signal shows the coordinate change of needle tip with time in the
y axis of world frame. The graph in Figure 4.23 b) shows coordinate changes
belonging to the bloodless area center and needle tip with time in the z axis. The light
pink sinusoidal signal represents the coordinate change of bloodless area center with
time in z axis. The dark pink signal shows that the coordinate change of needle tip
with time in z axis of world frame. In this case, our control method has succeeded to
reach needle tip to bloodless area with a distance of 2.1 mm in y axis of world frame
and a distance of 1.3 mm in z axis of world frame. This means that our distance is 21%
in y axis of world frame and 13% in z axis of world frame to the bloodless area center.
In other words, the total distance is 2.46 mm and approximately 25%. In Figure 4.23,
the distance to the center of bloodless area can be seen in detail. In Figure 4.24, needle
advancement with time can be seen. Our control method succeeds to reach bloodless
area in 7.45 s in this case. The light green signal shows the coordinate change of
bloodless are in the x axis of world frame. The signal marked with dark green belongs

to the coordinate change of needle tip with time in this x axis of world frame.
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In our second attempt, we gave the input with 10cm spring natural length which led
to a total needle tip deviation of 7.27 mm occurred from the needle advancement
trajectory. Our control algorithm reached 4.4 mm away from the center of the
bleeding-free region on the y-axis of world frame and 3.6mm away on the z axis of
world frame. In other words, an error of 44% on the x axis of world frame and an error
of 36% on the z axis of world frame occurred. In Figure 4.25, the distance to the center
of bloodless area can be seen in detail. Again, the light blue sinusoidal signal in the
upper graph shows the coordinate change of bloodless area center in y axis of world
frame. The dark blue signal shows that the coordinate change of needle tip with time
in y axis of world frame. The graph in below shows coordinate changes belonging to
the bloodless area center and needle tip with time in z axis of world frame. The light
pink sinusoidal signal represents the coordinate change of bloodless area center with
time in z axis of world frame. The dark pink signal shows that the coordinate change
of needle tip with time in z axis. In Figure 4.26, needle advancement in x axis of world
frame vs time plot can be seen. In addition, our control method succeeds to reach
bloodless area in 5.57 s in this case. In this picture, the light green signal shows the
coordinate change of bloodless are in x axis of world frame. This signal is constant,
since the kidney movement in right-left direction is small and it can be neglect when
the patient is lying, as mentioned before in Section 2.1. The signal marked with dark
green belongs to the coordinate change of needle tip with time in x axis of world frame.
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4.3. Experimental Setup

In ELMED Electronics & Medical Industry & Trade Incorporated [97], we have
prepared an experimental setup to simulate needle insertion. We used a 20cm long
percutaneous access needle with radius 18ga(1.3mm) and brand Boston Scientific[98]
and a UR5 model robots arm with bran of Universal Robots [99]. To simulate soft
tissue, we prepared a ballistic gel in mass ratio of 9:1, since this ratio is most similar
to regular soft tissue of a human body [100]. This procedure of ballistic gel preparation
is also used in military and criminal investigations [101]. We automated the UR5
robotic arm with a program in NI LabVIEW software environment [102]. We
controlled position, velocity and acceleration of UR5 robotic arm by sending related
command via serial communication protocol. By using NI LabVIEW, we took data
from UR5 mounted FT300 force torque sensor[103] to measure the forces and process
data exerted on the needle at the needle insertion and advancement to the ballistic gel.
In order to easily observe the amount of deflection of the needle in the ballistic gel,
we placed a millimeter scale under the ballistic gel mass. In the first experiment, we
used the environment in Figure 4.27.

ercuta
needle

Figure 4.27. Experimental test setup
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Unfortunately, in this setup we had extra freedom caused by that there is no support
on the sides of the gel. With this in mind, we designed the ballistic gel setup as in
Figure 4.28. For this setup, we used a cylindrical glass pipe for simulating human
body. We placed a transparent millimeter scale on the glass pipe as they cut each other
vertically so that the percutaneous access needle deflection can be easily seen.
Furthermore, since this ballistic gel assembly consists of 4 separate volumes which
the needle can enter into a volume that has not previously entered and do not affect

each other during the test.

Figure 4.28. 3-dimensional ballistic gel setup

4.4. Experimental Results for Needle Steering and Discussion

In this section, we explain the results obtained from the experimental setup. In such a
manner, we analyze the changes in tissue, in needle insertion and its advancement in
ballistic gel and the data obtained via the force torque sensor. We also compare and
discuss these results with those obtained from our simulation environment. Finally,
we examine the needle deflections and distortions forms during our tests.
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4.4.1. Force and Ballistic Gel Deformation Due to Needle Insertion in Experiment

In order to analyze the forces applied by the ballistic gel to the percutaneous needle
during needle insertion and its advancement, we first programmed the robot arm to
allow the needle to enter the tissue at a constant 20mm/s. In parallel, we created the
software via LabVIEW that will plot the time progression of the data obtained from
the force-torque sensor according to time via LabVIEW. We made three different
attempts to make the needle entrance to ballistic gel for 5cm, 10 cm and 15 cm. We
performe these experiments in a 3D ballistic gel assembly to examine the forces

exerted on the needle in 3D.

The results obtained are as in Figure 4.29, Figure 4.30 and Figure 4.31 which depict
respectively the needle advancements attempts of 5mm, 10mm and 15mm,
respectively. When we look at the results of the first experiment, we see that the force
is around 55-60 N at first, but during the needle advancement, the force falls within
the range of +5 N and -5 N. In our needle advancement experiments of 10mm and
15mm, we have seen that the force on each axis which X, y and z varies between 5N.
This noise-like data made us nervous, and when we look at the specifications of the
force-torque sensor, we see that these results are normal at forces less than 2N for z
axis and less than 5N for x and y axis [103]. The specification of FT300 force-torque
sensor can be seen in Figure 4.32. These results are also closely related to the results
we encountered in Chapter 2. That is, we expect a maximum force of 5N during needle
advancement. We could not perform these experiments again due to the financial and
time constraints in ELMED Electronics & Medical Industry & Trade Incorporated
[97].
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Figure 4.29. Force vs time graph belonging the experiment of 5mm needle advancement
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Figure 4.30. Force vs time graph belonging the experiment of 10mm needle advancement

81



Force (N)

Force vs Time

700

Time (s)

800 900 1000

100 1200 1300 1400 1500

Figure 4.31. Force vs time graph belonging the experiment of 15mm needle advancement
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Figure 4.32. Specifications of FT300 force-torque sensor[103]
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4.4.2. Needle Deflection in Experiment

Using the same setup we used in the previous section, in the experiment we advanced
the needle 5 cm, we observed a deflection of 1.5mm in the plane parallel to experiment
platform and 2.5mm in the plane perpendicular to the platform plane. In Figure 4.33,
it can be seen these results. The left picture belongs to perpendicular view to the
parallel plane to platform and the right picture belongs to perpendicular view to

perpendicular plane to platform.

Figure 4.33. Deflection of needle from top and side view with 5mm needle advancement in ballistic
gel

In the second experiment where we programmed the robot arm to advance the needle
10 cm into the ballistic gel, we observed a deviation of about 2.5 mm in the parallel
plane to the platform plane and around 2 mm in the vertical plane. We have seen that
as the needle velocity into the gel increases, the deflection in the plane parallel to the
platform increases. But we would also expect this deflection to increase in the plane
perpendicular to the platform. The reason for this result is that the robot arm vibrates
because it activates the motors in its joints to keep it fixed in the given position, and
that the needle improves the deflection relative to the angle with the ballistic gel
surface at the beginning. The results of the 10mm needle advancement in ballistic gel

can be seen in Figure 4.34. The left picture belongs to perpendicular view to the
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parallel plane to platform and the right picture belongs to perpendicular view to
perpendicular plane to platform. Since the glass is cracked during setup, we can ignore

the crack in the middle of the pictures.

Figure 4.34. Deflection of needle in top and side view with 10mm needle advancement in ballistic gel

In our third experiment, as we mentioned before, we programmed the robot arm to
move 15 cm at a constant 20mm/s speed. We observed a deviation of about 4 mm in
the parallel plane to the platform plane and around 12 mm in the vertical plane. We
also observed that the linear form of the needle could not be preserved in this
experiment. Curls were observed in several parts of the needle. These test results can
be seen Figure 4.35. The picture above belongs to the perpendicular view to the
parallel plane to platform and the picture below belongs to perpendicular view to
perpendicular plane to platform. When the needle came out of the tissue, we saw that
the first straight form of needle was no longer preserved. A picture of this condition

can be seen in the Figure 4.36.
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Figure 4.36. The percutaneous needle form after tests
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No deformation of the ballistic gel occurred during these three trials. That is, we do
not expect any deformation or rupture in the tissue up to 20mm/s. The tissue
deformation at the point of needle insertion into the tissue was around 1 mm in all
three attempts as we expected. Therefore, we validated the results obtained from the

simulation with our actual experiments.
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CHAPTER 5

SENSIVITY ANALYSIS

When we are working with large and complex models, it is sometimes difficult to
determine which model parameters impact the system behavior the most. In order to
determine which parameters have the greatest impact on our model, we perform a
sensitivity analysis using Monte Carlo simulations. Sensitivity analysis is basically
the study of how variability in the model output can be attributed to variability in
system parameters. Once we know which model parameters matter more than others,
we can use this information to increase reliability and robustness, reduce costs and
improve performance. On the other hand, Monte Carlo simulations are used to model
the probability of different outcomes in a process that cannot easily be predicted due
to the intervention of random variables. It is a technique used to understand the impact
of risk and uncertainty in prediction and forecasting models. Monte Carlo simulation

is also referred to as multiple probability simulation.

In this chapter we will run different Monte Carlo simulations. Firstly, we will
investigate the forces affecting needle in the interaction between needle and first
impacting surface of a soft tissue. In this manner, we will be analyzed the normal
force, friction force and damping force exerted on the needle and also on the soft tissue
surface causing displacement due to needle insertion into the tissue. We will analyze
how these four outputs change according to the changes of the variables which are
tissue density, tissue modulus of elasticity and tissue shear modulus. Secondly, we
will analyze how the reaching time and distance to the bloodless area center change
according to the deflection of the needle. Since we model the needle deflection under
nonlinear forces as nonlinear spring-damper system, we will discuss the arrival time
changes and the missing distance, offset from the center of bloodless area which is

targeted, according to force changes. Thirdly, we perform Monte Carlo simulation to
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analyze how the changes in grid parameters impact the reaching of the targeted

bloodless area in term of arrival time and missing distance with respect to its center.
5.1. Effects of Tissue Parameters on First Needle-Tissue Interaction

The forces that arise during the first contact of the needle with the soft tissue are
important both for the control of the needle advancement towards the bloodless area
and for predicting the deformation of the soft tissue prior to piercing. We performed
sensitivity analysis in MATLAB® to discover how effective the tissue parameters
changes are with respect to these outputs. For this sensitivity analysis, we select three
parameters that we systematically change which are tissue density, tissue modulus of
elasticity and tissue shear modulus, since we foresee that these parameters are most
effective on the needle-soft tissue interaction forces and tissue deformation upon
needle insertion. We do not use the grid throughout this analysis. The density of the
tissue affects its stiffness and flexibility since it is the mass of a unit volume; modulus
of elasticity measures substance resistance to being deformed non-permanently
(elastically) when a stress is applied to it; and finally shear modulus is the elastic
modulus we use for the deformation which takes place when a shear force is applied
parallel to one face of the object while the opposite face is held fixed by another equal
force. We have randomly generated 200 samples with uniform probability distribution
for each of these three parameters with 10% lower and upper limits of the values used
in our optimal simulation. Limits are 900 and 1100 for tissue density, 56700 and 69300
for tissue modulus of elasticity, 1620 and 1980 for tissue shear modulus. The sample
set that we created for tissue modulus of elasticity can be seen in Figure 5.1. We
conduct a sensitivity analysis on normal force, friction force, damping force and
surface inward displacement. Our evaluation plots can be seen in Figure 5.2. Dotted
plots in Figure 5.2 a), b), ¢) and d) show the results of the analysis according to the
samples we created. The plots in the right column in Figure 5.2 e), f), g) and h), show
the probability distributions of the respective results. We notice that tissue modulus of
elasticity is proportional with surface displacement during the initial needle-tissue

interaction. The normal and friction force have a very clear dependence on the soft
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tissue modulus of elasticity. As we expected, as the modulus of elasticity increases,
(i.e. the stiffness of tissue decreases), the normal force exerted on the percutaneous
needle decreases. The friction force increases when the modulus of elasticity
increases. In Figure 5.2, it is shown that friction force decreases, but the minus
represents the direction of the friction force. Its absolute value increases. This is
because when the modulus of elasticity increases, the stiffness of tissue decreases and
the tissue becomes more flexible and friction force decreases. Damping force seems
to have not much influence by elasticity in that range. These correlations can be seen
in Figure 5.3 as tornado plots.
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Figure 5.1. Generated sample distribution of tissue modulus of elasticity
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Figure 5.3. Correlations of tissue modulus of elasticity
By looking at Figure 5.3, we can see the different types of correlations, namely, rank
correlation, Kendall correlation, standardized regression, rank standardized
regression, partial correlation and rank partial correlation. Correlation analyzes how a

model parameter and the cost function output are correlated. Partial correlation
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analyzes how a model parameter and the cost function are correlated, removing the
effects of the remaining parameters. Standardized regression expects that the model
parameters linearly influence the cost function. Ranked analysis, also referred to as
Spearman analysis and ranked transformation, uses ranks of data for analysis. One
should use ranked analysis when you expect a nonlinear monotonic relation between
the parameters and the cost function and when the residuals about the best-fit line are
not normally distributed. As we expected, tissue modulus of elasticity has positive
correlation (i.e., relationship between two variables in which both variables move in
the same direction when one increases the other increases) with surface inward
displacement. It has negative correlation with normal force and friction force. It has
small negative correlation (i.e., relationship between two variables in which one

variable increases as the other decreases, and vice versa) with damping force.

The probability distribution of samples randomly generated for the sensitivity analysis
on tissue shear modulus can be seen in Figure 5.4. It is an appropriate sample set for
our model since it is uniformly distributed. Figure 5.5 does not seem to show any trend
in normal force, friction force, damping force or surface displacement from the aspect
of tissue shear modulus. By this means, the shear modulus of tissue has not so much
effect on needle piercing, since the shear modulus concerned with the deformation of
a solid when it experiences a shear force parallel to one of its surfaces while its
opposite surface of the layer experiences an opposing force. In the needle piercing
case, the tissue surface does not under any force influence like that. However, the
tornado plots in Figure 5.6 also show that the parameter of tissue shear modulus has
very small influences on forces and surface displacement. The influence on surface
displacement is positive and the influence of tissue shear modulus is positive for the
normal force, friction force and damping force. Since these correlation values are too
small, we can say simply that tissue shear modulus has not much effect on needle-

tissue interaction forces.
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Figure 5.6. Correlations of tissue shear modulus

Uniformly distributed and randomly generated samples for the sensitivity analysis on
tissue density can be seen in Figure 5.7. It is an appropriate sample set for our model
to analyze since it is uniformly distributed. When we look at the results of sensitivity
analysis on tissue density in Figure 5.8, we see similar result as with the case of tissue
modulus of elasticity. When tissue density increases, surface displacement increases,
the normal force decreases. The friction force increases in magnitude but in inverse
direction. Again, we do not see much influence on damping force. By looking at the
tornado correlation plots in Figure 5.9, we can easily say that the tissue density has
positive correlation on damping force. Thus, if the density of the tissue increases, the
damping force will increase and the vibration in the tissue increases during needle

piercing. This also results in an increase in friction force.

In addition to these results, during these sensitivity analyses on tissue parameters, we
can see that inward displacement ranges around 1 mm in the sample ranges that we

produce randomly. In other words, similar to what we observed in our experiments,
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the inward displacement of the soft tissue surface is around 1mm. It is clear that this

displacement is very small and not enough to move the bloodless area of the kidney.

900 950 1000 1050 1100
Tissue Density (kg/m3)

Figure 5.7. Generated sample distribution of tissue density
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5.2. Effects of Needle Deflection Parameters on Reaching Bloodless Area

Since the bloodless area moves according to a certain pattern that is not symmetrical,
the deflection magnitude and deflection direction of the needle play an important role
on distance and time to reach the bloodless area. In order to be able to analyze this
statement for situations that may be encountered in real surgeries, we examined the
effect of two parameters. These parameters are the force direction with respect to the
z-axis of world frame and force magnitude that we modeled using nonlinear spring
and damper. As outputs of this analysis, we investigate the reaching time of the needle
tip to the bloodless area and the missing distance of the needle tip, with respect to the
center of bloodless area. In this section, we will discuss the results of the sensitivity
analysis which is performed investigating the effects of needle deflection magnitude
and direction of deflection on reaching the bloodless area based on Monte Carlo
simulation. We are not using the template grid throughout this analysis. We have
randomly generated 200 samples with uniform probability distribution for these two
parameters, that is to say that all values are almost equally likely to be available. Limits
are 0 and 90 for force direction angle with z axis of world frame, 0 and 11cm for spring

natural length parameter of subsystem creating the force.

The sample set that we create for force direction with respect to z axis is can be seen
in Figure 5.10. It is an appropriate sample set for our model to analyze since it is
uniformly distributed. As the output of sensitivity analysis, we are considering time
and arrival distance to the center of bloodless area. As the next step, we evaluate our
model for all these samples. Our evaluation plots are can be seen in Figure 5.11 a) and
b). Dotted plots show the results of the analysis according to the samples we created.
The plots on the right column in Figure 5.11 c¢) and d) show the probability

distributions of the results.

When we look at the evaluation plots, we see that the force direction directly affects
our system both in time and distance of arrival to the center of bloodless area. As the

degree of force direction angle with z axis of world frame approaches the rectangular
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angle from zero degree, the arrival time to the bloodless area decreases. We interpret
this result as the angle of force direction close to 90 degrees, the needle deflection is
getting horizontal and so getting parallel to the horizontal movement of the kidney.
That is in fact, the needle tip is oriented towards the movement of the bloodless area.
Therefore, the needle tip can reach the bloodless area with smaller arrival time in such
cases thanks to our controller design. However, we see that the distance of arrival to
the bloodless area center increases, as the needle deflection parameter of force
direction angle changes from O degrees to 90 degrees. The increase in the angle of
force direction can increase the distance of the needle up to 9 mm. All in all, we can
see that the increase in arrival distance to the bloodless area center is almost linearly
ascending, while the decrease in arrival time is not. The correlation result also can be
seen in Figure 5.12. The force direction has positive correlation (i.e., relationship
between two variables in which both variables move in tandem, that is, in the same
direction) on arrival distance and negative correlation (i.e., relationship between two
variables in which one variable increases as the other decreases, and vice versa) on

arrival time to the center of bloodless area.
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Force direction angle with z axis (degree)

Figure 5.10. Generated sample distribution of force direction angle with z axis
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In Figure 5.13, we can see the distribution of spring natural length parameter that
results in the applied force on needle tip. When we look in Figure 5.14, we see that
both arrival time and arrival distance to the center of bloodless area tend to increase
as the spring natural length parameter increases so that the applied force magnitude
increases. From our modelling approach, we know that increasing the natural length
parameter of the spring increases the amount of needle deflection. Thus, since
increasing this parameter would increase the amount of needle deflection, we could
already foresee an increase in the time of arrival to the bloodless area and also in the
distance to the center of bloodless area. Figure 5.15 gives the tornado plots that show
the spring natural length parameter correlation on arrival distance and arrival time to

the bloodless area center.

o 2 4 ] 8 10 12
Spring natural length (cm)

Figure 5.13. Generated sample distribution of spring natural length

99



65T 65
-t
O - 6
.
-
" -
g 55 L~ 5.5
\ -
g -
8 -
& st e s
e
-
45| L 45
e
4 ! 1 1 1 1 134
SFT T T T T T =T
48 . 49
-
48 e - 48
r‘—
I4.7 r “’a' 147
-
o el P .
gas - 48
= "
a5 e 45
-'.' .
a4 - - 4.4
.=
43F .- Ll 43
42k | ! ! Il 1 1342
0 2 4 6 8 10 12
Spring natural length (em)
Figure 5.14. Sensitivity analysis evaluation plots of spring natural length
Distance_mm_ Time_s_
_ _
=] g
2 L
= =
Eu B
= =
= =
= =
- -
2 2
= =
= =
o0 o
= g
1 -
=3 .
w w
-1 05 0 0.5 1 -1 0.5 0 0.5 1
Parameter Influence Parameter Influence
I Correlation
[ RankCorrelation
[ KendalCorrelation
I StandardizedRegression
[ RankStandardizedRegression
[ Partial Correlation
I RankPartialCorrelation
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5.3. Effects of Grid Parameters on Needle Deflection

In Chapter 4, we have seen in detail that grid usage significantly reduces needle
deflection. In this section, we will examine how the deflection of the needle is affected

100



by the material parameters of the template grid with holes that we will put parallel and
adherent to the tissue surface where the needle will be inserted. We define 7 cm spring
natural length and 40 degrees force direction angle between z axis as inputs of
deflection subsystem. During this analysis, we keep the external force direction and
magnitude constant. We have reduced the radius of the sphere we defined in the grid
system from 1mm to 0.6mm only for sensitivity analysis. We did it to speed up the
simulation with 20% error margin in total. We have tried to examine the effect of the
change in diameter, stiffness and damping coefficient of the tube, which is defined as
the grid system or guidance system, on the needle tip deflection amount. We have
randomly generated 200 samples with uniform distribution. However, because the
simulation takes very long time while analyzing contact forces and time is limited, we
could not finish the simulation. Thus, we limited samples of the tube radii parameter
as 0.5mm and 1.7 mm, respectively. Lower and upper limits are defined 1 MPa and
90 MPa, respectively, for the stiffness parameter of material of template grid. We have
defined the limits of damping parameter of template grid material as 1 N.s/m and
1000 N.s/m.

By using the time in our hand, we could perform Monte Carlo simulation with 24
samples for contact damping coefficient and 22 samples for contact stiffness
coefficient. By looking at sensitivity analysis results in Figure 5.16 and Figure 5.17,
we can say that we could not obtain any changes such as increase or decrease in needle
tip deflection depending on these parameters. However, in the sensitivity analysis of
tube radii parameter, we can see a positive correlation (i.e., relationship between two
variables in which both variables move in tandem, that is, in the same direction) on
needle tip deflection. In Figure 5.18, we can see the results of sensitivity analysis with
randomly generated 57 samples. While the tube radii increase, the deflection
magnitudes on both y and z axes increase linearly in the range of 0.5 mm and 0.9 mm.
After 0.9 mm of tube radii, the deflection magnitude suddenly decreases and increases
again, but not linearly this time. We interpret this result encircled with red dotted lines
as follows: The needle bumps the template grid after a certain value of tube radii and
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bounces back. On the other hand, after the 1.4 mm of tube radii value, the template
grid does not contribute to reducing deflection, and the deflection of the needle tip
begins to remain constant. Therefore, the diameter of the grid to be installed in the
actual system must be well adjusted according to the predicted needle deflection

values.

By looking at these results, we can recommend that the grid radius should not exceed
half of the needle radius. We recommend also that contact stiffness parameter of the
material which the template grid will be made of can be between 1MPa and 90 MPa.
In addition, the damping coefficient of that material can be selected between 10 N.s/m
and 1000 N.s/m, since our sensitivity analysis with the samples in that range of
damping coefficient gives convenient results. Due to the difficulties such as slow
calculation of contact forces in MATLAB® and because these limit ranges are so
large, at least for damping and hardness coefficients, these analyzes can be renewed

in smaller limit range in a faster analysis environment.
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Figure 5.16. Sensitivity analysis evaluation plots of contact damping coefficient
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In this thesis, we have simulated and applied in limited real world, the needle steering,
which is the most important action for percutaneous nephrolithotomy surgery. In
software simulation environment, we modeled the flexibility of the tissue and that of
the percutaneous needle and used them for our analysis of needle placement. In our
simulation and real model analysis, we considered both the needle deflection and the
forces exerted by the tissue on the needle. Our results are closely related to the results
available in the literature. To the best of our knowledge, the most important
contribution of this thesis to the literature, is to prove that percutaneous
nephrolithotomy surgery, in which breathing is normally stopped, can be performed
without stopping or slowing down. To this end, we modeled the kidney movement due
to respiration in our software simulation and managed to reach the bloodless area of
the kidney with small aiming errors to this moving target under breathing. We also
examined the needle-tissue interaction forces and tissue deformation in the first
contact of the needle with tissue, which adversely affect the arrival accuracy of the
percutaneous needle to the bloodless area. Therefore, we predict that this operation
cannot be performed only by using force feedback very accurately. We strongly
recommend that using position feedback by the help of real time imaging. We
supported our results with the results in the literature. In this means, when we
examined the force interactions between tissue and needle and the resulting tissue
deformation, we obtained similar results with the experiments in the literature. In
conclusion, our proposed method is able to get reached percutaneous needle to
bloodless area of kidney when the breathing continuous regularly in percutaneous
nephrolithotomy surgery, but its medical imaging requirements such as quality and
providing coordinates info of any target need to be improved and integrated as will be

discussed in the next section.
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6.1. Future Work

In order for the proposed system to be successful, firstly, a robotic mechanism that
can be fixed to the needle and pushed the needle into the tissue is needed. Since
percutaneous nephrolithotomy is performed under general anesthesia and the patient's
breathing is provided passively in a controlled way with a device in general anesthesia,
the kidney movement is also controlled in line with a certain pattern of movement.
Having an artificial intelligence that tracks the bloodless area of kidney and learns this
pattern from medical imaging methods makes our work much easier. In this thesis, we
do not perform an approach of using artificial intelligence methods, since we do not
want to slow down our simulation which was already very costly in time. Instead of
that, we have modelled varying nonlinear external force for needle deflection which
simulates tissue pressure on the needle varying from patient to patient. Artificial
intelligence methods would be useful in learning the patient’s tissue parameter and
predicting the needle deflection as well as learning the bloodless area movement
pattern during percutaneous nephrolithotomy operation. Moreover, the ballistic gel
will be made of different layers with different viscoelastic properties in the future,
modeling the variable soft tissue layers the needle is piercing on its way to the
bloodless area. In parallel those different soft tissue layers will be modeled with
varying spring-damper coefficient in correlation with the soft tissue compliance
question. The intelligent subsystem will be first identifying the compliance of the
different soft tissue, followed by the estimation of the correlation between damper and

spring coefficients.

After a system that tracks the kidney and learn the movement pattern of the bloodless
area of the kidney, we will need a system that can follow the tip of the needle using
medical imaging systems such as ultrasound or fluoroscopy and give a precise position
in the 3D coordinate system. Of course, the system that learns the movement pattern
of this kidney and the system following the tip of the needle must be integrated to
provide feedback to the robotic mechanism that will drive the needle. This whole

system should be performed in real-time operation. Besides that a feedforward loop
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can be implemented, by giving the frequency data taken from active breathing control
device [104], which provides passively respiratory motion management under general
anesthesia, to our system during the operation. Therefore, as our future work, we are
considering designing and creating an intelligent equipped system with artificial
intelligence that we can learn the big data concerned with the motion patterns of the
kidney varying from patient to patient using the existing medical imaging methods.
The major impact should be attained with the aim to design a compatible and robust
system with existing medical imaging methods that can detect the 3D coordinate of
not only the needle tip, but also the center coordinate of the bloodless area of the
kidney. A robotic system should then be used to push the needle mechanically using
this motion pattern data and 3D coordinate information of the needle and bloodless
area simultaneously as system feedback, the respiration frequency measured by the
help of active breathing control device can also be fedback to the controller providing
a critical reference from the breathing patient. After the introduction of this system,
the percutaneous nephrolithotomy surgery which is very difficult to perform
nowadays will be performed much more comfortably for the surgeon as well as for
the patient not undergoing anesthesia and breathing normally and recovering much
quickly. And even if this system is successful, remote control can be provided and a
surgeon can perform this operation remotely and on-line without the need of going to
the operating room. Thus, surgery can be performed even from another country thanks

to the worldwide advancements in network and communication systems.
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