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ABSTRACT OF THE DISSERTATION

Design of an Esophageal Deflection and Thermal Monitoring Device for use during
Cardiac Ablation Procedures

by

Karcher Morris
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Cardiac ablation is a common procedure performed by cardiac electrophysiologists. The
clinician will use a device, such as a radiofrequency ablation catheter, to thermally ablate or burn
off defective heart tissue (myocardium). During the procedure, the esophagus can be in close
proximity to the heart tissue. As heat transfers through the myocardium, it can also transfer to the

esophagus, potentially damaging the esophagus tissue. The damage results in thermal lesions and,
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in worst-case scenarios, atrioesophageal fistulae. The work reported in this thesis was performed
to devise a tool and method to protect the esophagus during the ablation procedure.

The Esophageal Deflection Device (EDD) was designed and manufactured to move the
esophagus away from the ablation location. The device comprises of a straight rod and a precurved
overtube. If the rod is inserted into the overtube, the overtube is straightened out by the rod. If the
assembled device is inserted into the esophagus, and the rod is retracted, the elastic memory effect
will cause the tube to reassume its original curved shape, thereby moving the esophagus safely
away from its close position to the heart.

In this dissertation, the medical problem along with the design tools needed to address the
above problem of moving the esophagus are investigated. The materials used for the Esophageal
Deflection Device are reviewed, and the testing of 3D printed hyperelastic photopolymers used
during preliminary designs is performed. Theoretical, experimental, and numerical methods were
used to characterize the bending behavior of the Esophageal Deflection Device, and the Mooney-
Rivlin materials properties for the hyperelastic tube material are determined. Thereafter, a
temperature sensing Esophageal Deflection Device is described and tested. The temperature
distribution during ablation is simulated using finite element analysis. Experimental and numerical
results are discussed and compared. Finally, a summary and future direction of this work and our

research is provided.
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Chapter 1 Introduction to Medical
Device Design and the Problem of

Esophageal Thermal Damage

In order to develop medical devices to solve current medical challenges, we need to review
design tools, manufacturing methods, and theoretical concepts pertaining to medical devices. As
defined by United States Food and Drug Administration (FDA) [1] in Section 201(h) of the Food,
Drug, and Cosmetic Act, a medical device is

“an instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or

other similar or related article, including a component part, or accessory which is:

1. recognized in the official National Formulary, or the United States
Pharmacopoeia, or any supplement to them,

2. intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or

3. intended to affect the structure or any function of the body of man or other
animals, and which does not achieve its primary intended purposes through
chemical action within or on the body of man or other animals and

which does not achieve its primary intended purposes through chemical action within or

on the body of man or other animals and which is not dependent upon being metabolized

’

for the achievement of its primary intended purposes...’



A detailed method must be followed to first identify a medical challenge, and then to design,
manufacture and implement a medical device solution. In this chapter, a current medical problem
is discussed, esophageal thermal damage during cardiac ablation procedures. Special attention is
then given to the medical device design process which emphasizes the use of prototyping and
development techniques needed to resolve such an important issue in the field of cardiac

electrophysiology.
1.1 Esophageal Thermal Damage During Cardiac

Ablation Procedures

Atrial fibrillation (AF) is a very common heart arrhythmia that impacts tens of millions of
people worldwide [2]. Antiarrthythmic medication is most commonly used to mitigate symptoms.
However, the medication is not nearly as effective as one would hope and can have additional
problematic side effects [3]. Pulmonary vein isolation with catheter ablation is an increasingly
practiced option that is usually encouraged for symptomatic patients and has a strong success rate
(3, 4].

During the cardiac ablation procedure, an electrophysiologist will use a radiofrequency
(RF) ablation catheter or cryoablation catheter to purposefully inflict thermal damage on the
defective heart tissue [5]. This can eliminate the arrhythmia and cause a “re-wiring” by altering
the tissue mechanisms that propagate the heart’s electrical signals.

A major problem arises when the esophagus is in close proximity to the left atrial tissue.
The left atrial tissue is nominally about 2mm thick. When the RF heat source is ablating (or burning)
the heart tissue, the esophageal tissue can be unintentionally damaged [6, 7]. Thermal lesions may

develop causing pain for the patient and potential infection. A rare, most acute complication with



a very high mortality rate can occur, called atrioesophageal fistula [8]. Figure 1 shows a schematic
of an atrioesophageal fistula occurring, which is a hole between the esophagus and the left atrium
of the heart [9]. In order to reduce the occurrence of complications related to cardiac ablation, it is
necessary to monitor the heat transferring from the heart to the esophagus and move the esophagus

away from the ablation site when there is risk of thermal damage.
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Figure 1: A diagram illustrating a) the types of tissue at the heart-esophagus interface, b) a
radiofrequency ablation catheter heating the heart and esophagus tissue, c¢) atrioesophageal
fistula with food from the esophagus entering the heart, and d) atrioesophageal fistula with blood
entering the esophagus. [9]
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Cardiac electrophysiologists currently use temperature probes, such as the Circa S-Cath™,
to monitor esophageal temperature throughout an ablation procedure [10]. If an increase in

temperature is indicated, the clinician will stop the ablation procedure and attempt to deviate the



esophagus. Current devices used to perform such an esophageal deviation include endoscopes
operated by a gastroenterologist, repurposed endotracheal stylets, or pre-shaped nitinol embedded
rods [11-13]. These approaches are not optimal due to cost, time constraints, accessibility, or
increased risk to the patient. It is the purpose of this thesis to develop an improved solution to

prevent the potentially fatal medical problem of atrioesophageal fistula.

1.2 Brief History of Relevant Medical Devices for

Cardiac Electrophysiology and Gastroenterology

Medical devices have been an important part of human history, as many tools have been
developed or repurposed to diagnose or treat a person in medical need. An example of a simple,
early medical device would be woven materials used to cover a wound. Still to this day, bandages
(and a wide variety of them) are useful medical devices from the more simplistic Band-Aid™
adhesive bandage to the more complex Procellera™ wound dressing that incorporates silver and
zinc battery technology to reduce infection [14-16]. Medical device technology has rapidly
developed over time, and a number of key technologies in the fields of gastroenterology and
cardiac electrophysiology are worth reviewing.

Atrial ablation procedures are now very common and a number of medical technologies
were needed to enable the current approach to understanding and curing arrythmias. Some
important technologies include flexible catheters (Cornelius Solingen, Benjamin Franklin) [17],
X-rays (Wilhelm Conrad Rontgen) [18], electrocardiograms (Willem Einthoven) [19], pacemakers
(Albert S. Hyman & Seymour Furman) [20], etc. Photographs from [17-20] are shown in Figure

2. In particular, Figure 2a shows a flexible catheter used by Dutch Surgeon Cornelius Solingen in



the 17th century [17]. Figure 2b shows a pacemaker designed by Albert Hyman [20]. Figure 2¢
shows an X-ray of the human hand made by Wilhelm Rontgen [18]. Figure 2d shows

electrocardiograms using electrometer and galvanometer readings from Willem Einthoven [19].
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Figure 2: Photographs from historical references showing a) flexible catheters [17], b)
pacemakers [20], ¢) an x-ray of a human hand [18] and d) electrocardiograms [19].

In the 1980s, Dr. Melvin Scheinman used catheters to apply high energy direct current (DC)
shocks, or ablation, to accessory pathways of the heart. Mueller and Sanborn [21] reviewed the
history of interventional cardiology covering several of the most important technological
milestones. As a safer alternative to DC ablation, alternating current (AC) was implemented using
high frequencies, or radiofrequencies (RF) between 300 and 750 kHz [22]. Driving current through
human tissue at these frequencies produces resistive heating, increasing temperature above 50°C

and causing irreversible damage of the tissue. This radiofrequency ablation technology is



commonly used today across a wide variety of medical fields. Examples of current cardiac RF
ablation catheter technology are illustrated in Figure 3. Figure 3 shows radiofrequency ablation
catheters where multiple electrodes are depicted in different arrangements [23-26]. Irrigation ports,

contact force sensors, and location or mapping sensors are also shown on these catheters.
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Figure 3: Radiofrequency ablation devices with contact force detection and multi-electrode
ablation catheters [23-26].

There have recently been advanced developments in RF catheter technology (as well as
cryoablation) and techniques which allow for heating (or freezing) to damage the heart tissue.
There have also been advances in mapping techniques using low impedance electrodes and
ultrasonic sensors that have improved efficacy of the minimally invasive surgical procedure.
Recent catheter ablation and mapping technology is reviewed in [27] and [28]. In both reviews
[27,28], the concern for esophageal thermal damage is also discussed.

Thermal damage from RF ablation or cryoablation has been observed on the esophagus by
using an endoscope after the cardiac ablation procedures [29, 30]. Endoscopy is an important
technology that has developed over the years to assist with esophageal visual monitoring and even
esophageal protection. Endoscopy was first introduced by Phillip Bozzini [32], a medical doctor,

who designed and developed the first endoscope. At the time of Bozzini’s first endoscope, called



the “Lichtleiter”, there was a significant amount of “pushback” for such a novel tool. The device
was being derogatorily called a “new toy” [32]. Now, endoscopes are being used for a variety of
medical examinations including identification of inflammation, ulcers and tumors. Endoscopes
can be especially useful for minimally invasive surgeries, avoiding often more risky open surgeries.

[33]
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Figure 4: Schematic of an endoscope commonly used in gastroenterology [34].

A schematic of a current and commonly used endoscope is shown in Figure 4 [34].
Endoscopes like this one are entered into the esophagus through the mouth and pharynx. Using
endoscopes, thermal lesions have been witnessed on the inner esophageal wall caused by cardiac
ablation [29]. A photograph taken from an endoscope is shown in Figure 5 revealing thermal

lesions on the inner wall of the esophagus [29]. Clinical studies have also shown that an endoscope



can be an effective tool to protect the esophagus during the ablation procedure by articulating the

distal end of the endoscope resulting in movement of the esophagus.

Figure 5: Thermal lesions found on the inside of the esophagus after cardiac ablation procedure
[29].

All of these technologies are important for understanding the medical problem of thermal
damage on the esophagus during RF ablation procedures. Medical devices are constantly being
designed and re-designed to meet existing medical needs. The individuals, companies or
institutions that are working to meet these needs have a good understanding of the previously
implemented technologies and iteratively work through a design process to develop an innovative,

useful medical product.



1.3 Important Aspects of Medical Device Design

1.3.1 The Design Process

The design process can vary for each research laboratory or working group in academia or
industry. No matter the team, an organized roadmap and the discipline to follow it is required to
achieve an innovative final product. A schematic illustrating the steps of a typical design process
is shown in Figure 6 [35]. This generalized procedure begins with the “recognition of a need” and
concludes at the “production release.” It is often the case that teams of engineers must work on
each of the design process steps to achieve the desired goal of product implementation. Teams
must work cooperatively and rely on “feedback” throughout the process as design requirements
are revised, as prototypes are iterated on and tested, and as customers gain experience using the

product.
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Figure 6: Schematic of a typical design process [35]



Another example schematic of a typical design process is shown in Figure 7. Deborah
Forster, along with many other influential designers, have shared the concepts behind the “double
diamond” of design to designers across disciplines [36].
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Figure 7: Schematic of a typical design process - the "Double Diamond" of Design. [36]

The “double diamond” of design consists of the widening and narrowing of the problem
landscape and then the solution landscape. It is often the case that a problem is difficult to fully
conceptualize and define. As time is given to a designer or, more preferably a diverse team of
designers, the problem definition could be refined and focused. This process allows for a well-
directed solution that meets the necessary design requirements. A strong design team provides
time to explore potential solutions. Certain constraints or motivations, for example,

manufacturability, cost, or safety, can help narrow feasible prospects toward an optimal solution.

1.3.2 Design Considerations for Medical Devices

Yock et al. [37] elaborate on the design process as it relates to medical devices in the

textbook: “Biodesign: The process for innovating medical technologies.” The authors have

10



organized the book to follow a modified design process with a schematic shown in Figure 8§,

covering three steps: Identify, Invent, and Implement.
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Figure 8: Additional schematic of a typical design process for medical devices. [37]

The “identify” phase incorporates exploring prevalent medical problems and challenges.
This phase includes screening problems for existing solutions and understanding their scope in
science as well as the consumer market. The “invent” phase provides a general view of device
ideation and prototyping, and emphasizes the medical device design “landscape” including the
necessary understanding of intellectual property, regulations, and reimbursement. Finally, with a
completed “minimum viable product (MVP)”, it is important to develop a business strategy that is
curated for the particular medical device environment. Teixeira complements this work and offers
additional perspective of medical device design highlighted in [38] with the schematic shown in

Figure 9.
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Figure 9: An additional example of the medical device design process. [38]

In the following subsections, a more detailed overview will be provided for the design

topics of device safety, reliability, reimbursement, and intellectual property.

1.3.3 Safety of Medical Devices

Regulation by the Food and Drug Administration

The Food and Drug Administration (FDA) is responsible for regulating the medical device
market in the United States. Any device used as a diagnostic or therapeutic tool in medicine will
fall into one of the three categories: Class I, Class II, or Class III. These classes are primarily

organized in terms of risk and examples of such devices are provided in Table 1.
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Table 1: Medical Device Classification [39]

Device Safety/Effectiveness
Classification Examples Controls Required Submission
Class | elastic bandages, examination gloves,  General Controls Registration only unless
hand-held surgical instruments 510(k) specifically required
Class Il powered wheelchairs, infusion pumps, General Controls & 510(k) notification unless
surgical drapes Special Controls exempt
-IDE possible
Class Il heart valves, silicone gel-filled breast General Controls & PMA application
implants, implanted cerebella Premarket Approval -IDE probable
stimulators
metal-on-metal hip joint, certain dental General Controls 510(k) notification
implants

Source: FDA, Overview of Medical Device Regulation, General and Special Controls, at http://www.fda.gov/
MedicalDevices/DeviceRegulationandGuidance/Overview/GeneralandSpecialControls/default htm.

Note: IDE means investigational device exemption. Some Class Ill devices have been cleared via the 510(k)
process; these are Class lll devices that entered the market prior to regulation calling for a PMA application.

Johnson [39] provides an overview of the FDA’s medical device regulation process
including discussion on pre- and post-market requirements for the medical device industry to
adhere to. The design constraints, time to market, testing and manufacturing costs can be
significantly influenced by the chosen regulatory pathway. A “510(k)” submission can help
expedite a regulatory path by leveraging a predicate device that is already marketed and available
for clinical use. For a research endeavor, it may be necessary for an FDA submission and approval
beyond the assessment by an institutional review board (IRB). This FDA submission, for research
activities, is labeled as an investigational device exemption (IDE) and requires for certain
manufacturing and testing precautions to be taken before the device is used in a clinical setting

[40].

Biocompatibility of Medical Devices
“Biocompatibility” is a common design requirement that engineers must consider for any
medical device that comes into contact with the human body. ISO-10993 is an international

standard frequently referenced by engineers to guide their decision-making on how to evaluate the
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biocompatibility of a device material. Table 2 shows the factors that need to be considered to
determine whether a device is safe in a certain medical environment. To determine the biological

effects that need to be tested for, the duration and location of device use must be known [41].

Table 2: Medical Device Classification — Biocompatibility Testing Endpoints [41]

Medical device categorization by Biological Effect *
Nature of body contact Contact duration >
= > = 2
A-limited . c | LE| & [EE| 5 e | 3
(=24h) £ = el x| 8% | B 2 ®
X 8 s3 | &2 | L2 x = e
B - prolonged s = %9 23| =8 .g £ E
Category Contact (>24hto3od) 2 2 €| E=| 23 £ = 8
] a =% i Y o (V] E £
C- permanent S §,~ = e
(>30d) % w= T
A X X X
Skin B X X X
C X X X
A X X X
Surface device | _Mucosal B X X X
membrane
C X X X X X
Breached or A X X X
compromised B X X X
surface C X X X X X
A X X X X X
Blood path,
indirect 8 X X X X X
C X X X X X
External A X X X
commurjlcatmg Tlssuelt{one/ B X X X X X X X
device dentin
C X X X X X X X
A X X X X X
Circulating
blood B X X X X X X X
C X X X X X
A X X X
Tissue/bone B X X X X X X X
C X X X X X X X
Implant device
A X X X X X X X
Blood B X X X X X X X X
C X X X X X X X X
Note:
a  The "X" Indicates data endpolint that can be necessary for a blologlical safety evaluation, based on a risk analysis. Where
existing data are adequate, additional testing Is not required.
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It is important to note that a material alone cannot determine whether a device is compatible
in a specific bio-system [42]. The entire complex system must be considered, and even with the
standards described in ISO-10993 being met, more system level testing may be required to ensure

an adequate safety assessment is made before fully deploying a medical device.

Manufacturing and Quality of Medical Devices

The FDA requires medical device approval submissions to include information on the
manufacturing quality of the device including “methods, facilities, and controls” [43]. A design
control program must be implemented to ensure all design decisions (including inputs,
modifications, validations, certifications, etc.) are properly documented. Furthermore, a quality
system must be in place and outlined in the FDA submission. Internal audit procedures and
management review procedures must also be submitted. The FDA offers “Guidance”
documentation to assist many manufacturers with defining their “Current Good Manufacturing
Practices” (CGMP) [43] .

Further guidance documentation can be found for areas of specific concern for the FDA.
A good example for guidance documentation related to rapid prototyping was recently published
on “Technical Considerations for Additive Manufactured Medical Devices” [44]. Figure 10 shows
a schematic of the medical device manufacturing workflow when including additive
manufacturing methods. Boxed items including materials, software workflow, build, and post
processing are important manufacturing steps to consider and discussed in a later section of this

chapter.
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Figure 10: Flow chart of the Additive Manufacturing Process per FDA Technical Guidance.
[modified from 44]

1.3.4 Reliability of Medical Devices

Regulation by the Food and Drug Administration

Reliability is an increasingly valued and implemented part of the product design process.
Reliability is succinctly defined by Dhillon [45] as “the probability that an item will carry out its
assigned mission satisfactorily for the stated time period when used under the specific conditions.”
At a given moment in time, an “item” or designed product, will have either failed or maintained

its reliability. Failure occurs when the product is no longer functioning as intended.

Statistical Methods and Probability Distributions

Failure can be mathematically and statistically modeled over time under specific conditions
with a cumulative density function. Dhillon and Kececioglu [45,46] describe the mathematical
concepts to assist engineers with monitoring and improving reliability and failure. The failure

cumulative distribution function F(t) with respect to time is defined by

F(t) = [ f@)dx (1.1)

where f(x) is the probability density function.
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The reliability R(t) can be expressed as a function of F(t) as

R(t)=1—- F(t) (1.2)

=1- [* f(x)dx (1.3)
where R(t) is the reliability function. A number of models have been used in order to improve

understanding of failure during a product’s lifecycle. An often-used term is hazard rate A(t), which

is defined by
At) = % (1.4)
_ f®
T 1-F(b) (1.5)

Maybe the most common distribution that uses a constant hazard rate, or failure rate, is the
exponential distribution. The probability density function of the exponential distribution can be

defined by

fF) = de™™  t>01>0 (1.6)

Fit)=1— e (1.7)

The Weibull distribution is also commonly used in reliability analysis due to its ability to follow

the failure in a phenomenological context and is defined as

-y

- B
f@® =§ (t_Ty)ﬁ e ) f®)=0,t=2y,>07>0-0<y<ow (L8

where f§ is the shape parameter, 7 is the scale parameter, and y is the location parameter. Figure
11 shows the probability density function with respect to time at three distinct shape parameter

values: f = 0.5, =1,and f = 3.
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Figure 11: Example probability density functions for three Weibull distributions.

Also, a normal distribution is commonly used in statistical analysis. This distribution is
often referred to as a Gaussian distribution and the probability density function can be defined with

the expression

- 2

1(t-t

)= - LZne_E(J_t) f(t) 20,0,>0,—0<t<o,—-0w<t<o (1.9)
t

where t is the mean of the normal time to failure and o; is the standard deviation of the time to
failure.

Reliability is an important consideration to measure, model, and evaluate medical devices.
Medical devices, naturally, are required to be reliable and this reliability needs to be quantified.
The definition of reliability goes beyond personally driven ethical beliefs and has been largely

influenced by the Food and Drug Administration as well as a United States Supreme Court case
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between Medtronic Inc. vs Lohr about a failed pacemaker that placed a significant portion of
liability for failure of a medical device on a medical device designer and manufacturer [47]. Also,
medical device recalls have become increasingly prevalent and costly to medical device companies.
Thus, it makes financial sense to have a strong reliability and quality assurance program integrated
with the design and manufacturing teams. The risk of a medical device’s failure must be mitigated
and, thus, both theoretical and practical knowledge of reliability should be held by any medical
device designer.

Figure 12, adapted from [48], eloquently embeds the reliability growth curve in the design
process. Again, the evaluation of reliability for a medical device must be made when the device is
first being prototyped. Reliability should be monitored and improved throughout the product
design lifecycle. For a medical device, post-approval alterations to any design usually need review
and approval by the FDA, but are likely to be accepted when the reliability is quantitatively shown

to improve.
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Figure 12: Reliability growth tests and their schedule adapted from [modified from 48]
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1.3.5 Cost and Reimbursement

Beyond the life altering possibilities, the value of a medical device design can, fortunately
or unfortunately, have monetary considerations that are commonly founded in the terms coding,
coverage and payment [49]. “Coding” refers to a Current Procedural Terminology (CPT) code
which is used by a medical practitioner to distinguish and communicate the type of diagnosis or
therapy provided to the hospital or billing department. This code is then communicated to an
insurer, where “coverage” is necessary in order for the insurer to be willing to pay. There are
procedures that may have a code, yet not be covered by the insurer. “Payment” can be provided
by the insurer to the hospital and can vary depending on the insurer. As a designer is developing a
product to meet the needs of a patient or medical practitioner, it is important to consider each of

these three areas so that a monetary value can be associated with the life altering value.

1.3.6 Intellectual Property for Medical Devices

Intellectual property (IP) is a term to describe the value of ideas. A patent is a form of
intellectual property that can be granted by a government and provides the exclusive rights to sell
a good that is based on specifically claimed ideas. [50,51]. Trademarks, copyrights, and trade
secrets are other forms of intellectual property that may also be useful to a medical device designer.
In order to obtain a patent, three primary properties of the idea or ideas must be considered: utility,
novelty, and obviousness. Utility may be the simplest for a medical device designer and requires
that a device must be useful, which is usually the premise of designing a medical device. Novelty,
potentially more difficult property to achieve, relies on differentiation from dated “prior art”. Prior

art can come in the form of previous patents or publicly available descriptions or products. Finally,
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obviousness requires the potential IP to not be an obvious extension from prior art to anyone of
ordinary skill in the pertinent field. If these three requirements have any potential to be met, a
patent may be a useful tool to a medical device designer and innovator. The decision to apply for
a patent usually is one that pertains to the value a patent might hold, and a larger discussion would
be necessary here, involving relevant business-oriented decisions. Ifthe decision is made to pursue
a patent, the first step is most often a provisional patent, which is a formal filing (usually at a lower
cost) to provide a more preferred “filing date” on the IP. Within one year, a full patent application

must be submitted. A useful timeline, adapted from [51], is illustrated in Figure 13.
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Figure 13: General U.S. Patent timeline adapted from [51]

1.4 Computer-Aided Design

Computer-Aided Design (CAD) is, now, ubiquitous across all engineering disciplines due
to computers being an essential part of the design process. CAD software has developed

significantly in the last 50 years and can currently support the initial conceptualization of a design,
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assist with modifying and optimizing the design, and can be further integrated into testing,
simulations and manufacturing. Medical device design companies rely heavily on the use of CAD

as well.

1.4.1 CAD History

Over the years, computers have increasingly influenced the design process. Some
especially notable developments, influential to CAD, can be found in the works of Ivan Sutherland
and Pierre Bezier in the mid 20" century.

Sutherland [52] developed what is known as the “SketchPad”. The novel device worked

like a modern-day tablet, incorporating a display monitor and a stylet shown in Figure 14.

. II B‘H‘l!!‘

Figure 14: Ivan Sutherland demonstrating Sketchpad [52]

With the SketchPad, Sutherland proved that a human could communicate an envisioned
design to a computer, where it can be stored, visualized on a monitor, and further manipulated.
This computer software package captured the design intent of the user. Design intent is now a

common feature of modern-day CAD software.
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Bezier was a mathematician and engineer, who applied polynomial curve fitting to
automobile design. “Bezier curves” are mathematically defined and, more recently, computer-
generated. The new approach to defining curves has proven useful in industry, most notably for
the design and manufacturing processes in the automobile industry which is where Bezier was
employed. Figure 15 shows a computer-generated illustration, using SolidWorks 2020,

implementing the Bezier curve technology.

Figure 15: A cubic Bezier Polynomial Curves implemented in modern-day CAD software (created
in SolidWorks 2020).

A cubic Bezier curve, p(t), is mathematically represented by control points p;:

p() = (1 —t)°pe +3t(1 —t)*p; + 3t>(1 — t)p, + t3ps (10)

with t moving between 0 and 1 and using control points pg, p1, P, and ps. This mathematically
defined curve can be shown to equal py at t = 0 and p; at t = 1. Between those points a smooth

curve is generated using weighted averages of the four points.

These are only a couple of examples of early innovation in computer-aided design, but the
potential was clear then, and now it is highly likely that an engineering design firm in any field

would have computers aiding their design efforts. Industry has implemented so many valuable
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forms of CAD, that for this thesis work, it is important to focus on especially relevant areas
including those for developing geometry and numerically solving problems in solid mechanics and

heat transfer.

1.4.2 Geometry in CAD (Mechanical CAD or MCAD)

Mechanical CAD or MCAD software packages incorporate important aspects of modern-
day CAD tools, often including the properties for communicating design intent, being feature-
based, and acting parametrically.

Design intent is the property which enables a human user to convey all geometric properties
of a design with a computer. If computer software has captured all of the user’s design intent, then
the geometry will respond to any dimension or relation changes, as the user would expect. MCAD
software strives to capture all of the user’s design intent as seamlessly as possible, usually with a
clean and clear graphical user interface. Many MCAD packages improve the communication of
design intent by being feature-based and parametric. Feature-based is the idea that the user will
begin creating a feature that only depends on built-in features, such as pre-existing reference planes
and an origin. Features will continue to be developed by referencing the previous features. A user
can add, edit, or delete any feature they designed. Parametric is the concept that the dependencies
between the features can be defined formally, again to engage with the user’s design intent. If the
user changes the dimension of one entity or relationship between entities, it should propagate
through to other aspects of the design, preferably with well-defined design intent.

SolidWorks (see Figure 16), OnShape (see Figure 17), and CreoParametric (see Figure 18)
each incorporate the previously discussed aspects of design intent, feature-based, and parametric.

Figure 16-18 show the current layout of the software tools, each of which aiming to seamlessly
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capture the design intent. Features are notably in the corresponding “design trees” (on the left of
each figure). The parametric properties of each design are defined through the dependences

between the features.
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Figure 18: An example of a Creo Parametric Part

There is an extensive list of other MCAD packages that are commercially available. The
use of one software package over another can be due to what the user is most familiar with, or

previously prescribed relationships between MCAD companies and their targeted companies or

fields.

1.4.3 Mechanical CAD Simulation Software

A variety of numerical or simulation methods have been developed including finite element
analysis, kinematic modeling, optimization, computational fluid dynamics and multi-physics
solvers. The finite element method is a powerful mathematical tool that assists with finding

solutions for boundary value problems in structural mechanics, heat transfer, fluid flow, and

electromagnetics. [53, 54].
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A continua, or body, can be discretized into a number of “finite” elements in order to solve
a very complicated structural problem. These elements with a number of nodes hold mathematical
properties associated with the degrees of freedom and constitutive equation for the material of the
body being discretized. These elements each provide stiffness matrices that can be integrated into
a larger linear system of equations. A result, by solving this system, can be further analyzed and
marched forward in time. The results are numerical estimates, but if built properly, can be
extremely accurate and produce relevant information capable of driving design.

Commercially available finite element analysis software includes NASTRAN, SolidWorks
(COSMOS), Abaqus, Altair, ANSYS, and LSDYNA. An example of the SolidWorks finite
element tool is shown in Figure 19. In this case the tool is being used to understand how a hole in
a plate with specific boundary conditions (i.e., constraints and applied forces) can influence the

von Mises stress profile. Figure 20 shows a typical result.
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Figure 19: Finite element model using SolidWorks simulation software [55]

27



von Mises (N/m*2)

21,648,166.0

Model name: Part1
Study name: Hole_In_Plate 20,082,594.0

Plot type: Static nodal stress Stress1
Deformation scale: 907 402

L 18,517,0200
. 169514480
. 153858740
. 138203010
12,254,728.0
10,689,155.0
. 9,123,5820

. 7,558,009.0

5,992,436.0
4,426,8630
2,861,290.0

— Yield strength: 275,000,000.9

Figure 20: Finite element result (from model shown in prior figure) illustrating the von Mises
stress profile using SolidWorks simulation software. [55]

1.5 3D Printing

1.5.1 3D Printing Technology

3D printing, or additive manufacturing (AM), is a manufacturing technology that has
reshaped the traditional thinking for what could be manufactured and how. 3D printing, as opposed
to subtractive manufacturing, allows for increased complexity while reducing waste. Also, 3D
printing can substantially lower the skill and time it takes to produce a useful part or prototype
from a computer-aided design or drawing. 3D printing can remove much of the challenges found
in communicating a geometric design from a designer to the machinist, being that the process with
3D printing is significantly digitized. The process of 3D printing a part includes creating a
computer model, then defining 3D printing parameters specific to the 3D printing technology (e.g.,
layer height, part orientation, temperature, etc.), printing the part, and finally post-processing the

part as necessary (e.g., removing support structure, cleaning residue, sanding surfaces, etc.). Figure
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21 illustrates the 3D printing process [56]. 3D printing parameters will vary depending on the
technology, the material used, and the desired resolution, among other factors, that may be

important to the designer. In this section, different 3D printing technologies will be reviewed.
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Figure 21: 3D printing process schematic [56]

Fused Deposition Modeling (FDM)

Figure 22: Fused deposition modeling (FDM) 3D printing schematic

Fused deposition modeling (FDM) is the most highly proliferated form of 3D printing due
to the technology’s ability to be sold at a low cost and large scale [57]. The technology uses a wide

variety of thermoplastic materials such as polylactic acid (PLA) or acrylonitrile butadiene styrene
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(ABS) [57]. These materials can be drawn into an extruder that melts the material and positions it,
layer by layer so that the material can cool and harden in the desired location (see Figure 23).
Crump [58] designed and patented the first FDM printer and quickly carried it into the
founding of a large company, 3D Systems Incorporated. Figure 23 shows an illustration from the
1992 issued patent with the extruder and build plate clearly visible [58]. This FDM system looks
very similar to the many current commercially available 3D printers as many companies have been

able to leverage the technology now that the patent has expired.

Figure 23: Fused deposition modeling (FDM) schematic from patent. [58]
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Stereolithography Apparatus (SLA)

Figure 24: Stereolithography apparatus (SLA) 3D printing schematic

Stereolithography Apparatus (SLA) 3D printing currently allows for a relatively high level
of resolution using an ultra-violet (UV) light or UV laser light to cure, or harden, a liquid
photopolymer resin [59]. This hardening is, again, performed layer-by-layer in order to build the
desired geometry (see Figure 24).

Hull [60] designed and patented the first SLA printer and quickly carried it into the
founding of a large company, Stratasys Incorporated. Figure 25 shows an illustration from the
1986 patent with the laser, resin bath, and build plate clearly visible. Stratasys and 3D systems
companies have each developed and acquired many impactful technologies in the 3D printing

space.

31



Figure 25: Stereolithography Apparatus (SLA) 3D printing schematic from patent [60]

Material Jetting (MJ)

Figure 26: Material Jet (MJ) 3D printing schematic

Material Jet (MJ) 3D printing has been made, more recently, commercially available and

allows for high quality prints and the potential for “digital materials”, or the smooth mixing of
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materials within a single part. MJ 3D printing jets, or sprays, photopolymer resin through an array
of nozzles onto a surface and cures the layer with a UV light. This is analogous to a 2D inkjet
printer commonly used in the office environment, but instead of ink being used, photopolymer
resin is used and instead of only color being mixed between the jetted materials, a multitude of
material properties can be mixed leading to the smooth transition of color or changes in flexibility
within a part. Again, this jetting and curing is performed layer-by-layer to create the final 3D
object (see Figure 26).

Kritchman et al. designed and patented the first MJ printer. Figure 27 shows an illustration
from the 2002 patent [61] where the resin material is jetted from the nozzle array to create the part

layers.
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Figure 27: Material Jet (MJ) 3D printing schematic from patent [61]

The technologies reviewed in the previous section have turned into a large variety of

commercially available 3D printers. Figure 28 shows three printers utilizing the three technologies
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previously discussed: Replicator using FDM, Form 2 using SLA, and Connex using MJ. These
printers range in prices and are used around the world to develop innovative products, including

medical devices.

MakerBot Replicator FormLab Form 2 Stratasys Connex

Figure 28: Commercially available 3D printers [62-64]

1.5.2 3D Printing in Medicine

3D printing is increasingly utilized in medical research and industry. As previously
discussed, the FDA has been strongly encouraged to address the sudden push toward this enabling
and new manufacturing technology. The FDA has done so through providing guidance on
“Technical Considerations for Additive Manufactured Medical Devices” [44]. It is important to
note that their guiding document only provides a high-level overview of considerations. Figure 29
shows the general 3D printing workflow provided by the guidance document with some
considerations added on top of their workflow that can easily affect the reliability of the part being

manufactured with a specific technology, fused deposition modeling 3D printing.
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Figure 29: Flow chart of the Additive Manufacturing Process per FDA Technical Guidance
(modified from [44] to include aspects of the FDM process)

Even among such variety in technology there is a clear need for 3D printing in medicine as
illustrated in Figure 30 [65]. Figure 30 plots the increased citations of 3D printing or Additive
manufacturing in journals especially relevant to the medical community posted through PubMed.
The fused deposition modeling technology only accounts for a small portion of utilized 3D printing

technologies discussed in the medical oriented publications.
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Figure 30: Publications in PubMed discussing 3D printing. (modified from [65])
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3D printing has already proven useful or shown promise in a variety of medical
communities, most notably, in surgical planning, medical devices, bioprinting, and drug deliver
[65-67]. In the Talke Biomedical Device Lab, 3D printing has been used primarily as a prototyping
tool in the fields of gastroenterology, ophthalmology, and surgery, building flexible endoscope
over tubes, expandable stents, bronchoscope transmissions, and ergonomics device enclosures,
among other areas [68-72]. The impacts of 3D printing on medicine continue to grow. With the
mentioned uncertainty it is very important to understand the mechanical nature of the 3D printed
material as it is put to medical use. This “mechanical nature”, or constitutive material property,
can be modeled mathematically to enable further analytical or numerical assessment of a proposed

medical device design.

1.6 Summary

There have been significant medical advances in the fields of cardiac electrophysiology
and gastroenterology. RF ablation has been used to treat atrial fibrillation patients. Esophageal
thermal lesions may occur due to the delivery of high intensity RF ablation energy to the atrial
tissue along with the proximity of the left atrium and the esophagus. These thermal lesions have
led to a number of other medical problems for the patient. A medical device should be designed to

optimally prevent esophageal thermal damage.

The design process, as it pertains to the development of medical devices, was discussed.
The medical device ecosystem, including the regulatory and reimbursement pathways, device

standards, safety measures, and measurements of reliability, were also reviewed. Computer aided
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analysis and design tools were discussed along with advanced manufacturing techniques, like 3D

printing.

In the following chapters the problem of esophageal thermal damage will be addressed by
implementing the described design process. Computer-aided analysis and design tools will assist
the design process and novel technologies will be proposed and investigated as they aim to meet

this important medical need.
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Chapter 2 Initial Design of the

Esophageal Deflection Device

2.1 Proof of Concept for a Modified Overtube Design

In order to prevent the esophageal thermal damage caused by atrial ablation procedures,
our research team at the Talke Biomedical Device Lab has aimed to deflect the esophagus away
from the heart. A wide variety of potential technical solutions presented themselves early in the
design process including endoscope-like manipulators, pressurized balloons, and magnetic
actuators, for example. Medical practitioners often prefer a device that is simple to use and requires
very little training. A simple device can also reduce surgeon fatigue and reduce overall operation
time for a procedure to deflect the esophagus. A relatively simple design idea was derived from an
already ubiquitous tool in gastroenterology, the esophageal Gaurdus® overtube by U.S.
Endoscopy [1]. A precurved overtube, as opposed to an initially straight overtube, could be
straightened, inserted in the esophagus, and activated to assume the precurved shape, ultimately
deflecting the esophagus.

The commercially available overtube, shown in Figure 31, is most commonly used in
endoscopy to provide a constant opening through the mouth, into the gastrointestinal tract. The
overtube allows for easy reinsertion of an endoscope and protection of the tract tissue [1]. The
overtube technology consists of two parts, an outer tube and an inner tube. Once the assembled

device is fully inserted into the esophagus the inner tube is removed so that the channel is as large
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as anatomically feasible. At a 2cm outer diameter, the outer tube also provides a meaningful

anatomical constraint for future design consideration.

Figure 31: Guardus Overtube by U.S. Endoscopy [1]

A modified overtube was designed with similar dimensions as the clinically used overtube
from Figure 31. The modified overtube design included a natural, or initial, curvature. Material Jet
(M1J) 3D printing, was employed to manufacture a flexible part. Stiffness can be varied using
“digital materials” on the Connex Objet 350 3D printer. The part was 3D printed using a propriety
photopolymer material known as “TangoBlackPlus”, which cures with a rubber-like flexibility.
Once the modified overtube was 3D printed and post processed by cleaning off support material,
the commercially available inner tube was inserted into the inner lumen, effectively straightening
the overtube. As the insertion tube was removed, the modified overtube assumed its initial
curvature. The proof of concept was validated through the design, 3D print, and an initial test (see

Figure 32).
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Figure 32: Proof of concept: CAD Model, 3D print, and deflection test

The proposed concept was shared with medical practitioners who have witnessed the need
to prevent esophageal damage and have used endoscopes to deflect the esophagus during the
ablation procedure. Their qualitative feedback led to a series of design features and changes that
are explored in this and later chapters. Many of these features have been first published in the
patent, “Esophageal Deflection Device” assigned to the Regents of the University of California,
US20200029822A1 [2]. This chapter will also review many of the claims presented in the patented

technology.

2.2 Design Features of the Esophageal Deflection

Device Outer Tube and Inner Rod

A number of functional changes are needed to be made from the initial proof of concept in
order to design an effective and clinically relevant Esophageal Deflection Device (EDD).
Anatomical considerations are necessary to develop the proper device geometry. These include the

diameter of the esophagus and the distance from the mouth to the portion of the esophagus that
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needs to be deflected. Tribological factors must be considered as the device must navigate down
the curvature from the mouth into the esophagus and slide along tissue without causing discomfort
or damage. Usability factors must also be considered as the medical practitioner using the device
must be able to easily operate and control it. The initial design and prototype from the previous
section was iterated upon and further modified to address these concerns.

Figure 33 shows the design of a modified outer tube which considers many of the
aforementioned constraints. The outer tube has a length larger than the distance from the mouth to
the position of the esophagus that needs to be deflected. The device also has an outer diameter
small enough to be easily insert into the esophagus, yet large enough to provide large areas of
contact capable of distributing forces along the esophagus wall tissue, lowering potentially harmful
contact pressure. The outer tube walls are a moderate thickness that can be varied to provide
adequate stiffness and flexibility, and an inner lumen for an insertion rod and potentially other
diagnostic or therapeutic medical equipment. The handle of the design should consider ergonomics
of the medical practitioner, improving usability factors. In the device shown in Figure 33, the
handle incorporates holes so that markings of any inserted item can be monitored and positioned
to ensure the device is inserted the proper distance. A bellowed design was incorporated to prevent

unwanted buckling during the insertion process.
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Figure 33: Modified EDD outer tube geometry

The curvature in Figure 33 is J-shaped, although various curvatures can be envisioned,
such as the U-shaped example shown in Figure 34a. The designed curvature must be positioned to
a reasonable distance from the handle, ~25-40 cm, so that the esophagus tissue near the heart is
reachable. The J- and U-shaped designs as well as other compound variations can have different
radii of curvature. The curve stiffness can be homogenously or heterogeneously varied along the
tube, and the resistance to deflection is a function of curvature, outer tube cross section, and the
material’s mechanical properties. Figure 34b illustrates the changing of materials along the tube

that can be incorporated with certain manufacturing techniques, i.e., 3D printing. The outer tube
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material can include radio opaque markers to assist the surgeon with positioning of the device, as
fluoroscopy is frequently used throughout the ablation surgeries for catheter placement in the heart.
Figure 34c highlights varying dome structures on the distal end of the tube that improve
tribological performance of the device upon insertion into the gastrointestinal tract. A hole on the
tip of device can allow for “over-the-wire” insertion of the device, sometimes preferred by medical
practitioners for insertion of medical devices into the gastrointestinal tract. The hole can provide
an opening for the inner rod, which may improve tribological factors of increased flexibility or
smoothness. The hole can be used by other medical equipment necessary to enter the esophagus
or stomach during the procedure. Additional holes along the outer tube can be used to draw the
esophageal walls into contact of the EDD through suction. Alternatively, the holes and inner lumen
can also be used to introduce fluids or gas to the esophagus, which can be desirable for movement,

cooling, or improved tribological function.
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Figure 34: Outer tube Design variations described in Esophageal Deflection Device patent [2]
illustrating (a) U-shaped curvature, (b) variant distal ends, and (c) varying tube stiffness.
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By modifying the outer tube, the inner rod must also be re-designed. Figure 35 illustrates
the proposed geometry for such a design. The length of the inner rod must extend the distance
from the handle of the outer tube to at least the end of curved portion, but possibly longer and
beyond the outer tube distal end. The outer diameter of the inner rod must be smaller than the inner
diameter of the outer tube. A handle must be added to allow for the user to grip firmly and retract
the inner rod from the outer tube. The inner rod must have enough stiffness to partially straighten
the outer tube when inserted, but also have enough compliance, or flexibility, for seamless
navigation into the gastrointestinal tract. The inner rod may also vary in stiffness along the length.
Figure 36 illustrates a composite tip comprised of layers that can be optimized in stiffness as

increased flexibility may be desirable at the distal portion of the tapered tip.

Tapered tip

e

Indicators of extraction
<4

- Handle j B Z

Figure 35: Modified EDD inner rod geometry
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Figure 36: Modified EDD inner rod geometry
2.3 Manufactured EDD and Ex Vivo Proof of Concept

A prototype of the Esophageal Deflection Device (EDD), including the outer tube and inner
rod, was manufactured with flexible, rubber-like 3D printed materials on a Connex Objet 350 3D
printer. The outer tube consisted of a curved portion near the distal end, and the inner rod has a
higher bending stiffness compared with the outer tube. The inner rod can be inserted into the outer

tube, effectively straightening it. An example of this is shown in Figure 37.

Separated Parts Fully Inserted - Initial Position

e —————

Partially Extracted - Deflection Position

e N

Figure 37: 3D printed Esophageal Deflection Device
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In practice, the medical clinician would implement the following procedure to deflect an

esophagus with the EDD.

1)

2)

3)

4)

5)

The EDD is assembled, fully inserting the inner rod in the outer tube and effectively
straightening the rod.

The assembled EDD is placed in the mouth and navigated down the esophagus

The EDD inner rod is retracted, partially or completely, allowing the outer tube to assume
its initially curved shape and deflect the esophagus

The esophagus can be manipulated further by rotating the outer tube of the EDD, inserting
it further into the esophagus or partially retracting it.

Once the ablation procedure is complete, both the EDD outer tube and inner rod may be
slowly retracted.

This procedure was demonstrated in an ex vivo study in the Center for Future of Surgery

at UC San Diego’s School of Medicine. The EDD was assembled and inserted into porcine

esophagus. It is shown in Figure 38 that the precurved outer tube tends toward its original shape,

and in doing so, deflects the esophagus. The deflection does not necessarily need to be large. As

seen in the figure, a deflection of about 1-2 cm is significant. It is important that the deflection is

reliable even when there is other bodily connective tissue or constraints during the ablation

procedure. It will be important to consider larger radii of curvature with different forms of

curvature. It will also be important to understand the material used to prototype this device in terms

of mechanical behavior due to deformation and deflection.
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Figure 38: Ex vivo studies showing the deflection of porcine esophagus using the EDD

2.4 Addition of Thermal Sensing Technology on the

EDD

Thermal sensing of the esophagus during atrial ablation is already the standard of care,
with medical doctors commonly using devices like the Circa S-Cath [3]. It can be very useful to
incorporate temperature sensors on the outer tube of the EDD. The sensors can be arranged in
various patterns on the surface of the device and increase in density for the region expected to be

closest to the heart enabling a higher spatial resolution and accuracy. With the sensors precisely
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positioned, a three-dimensional heat map can be derived during use and based on these heat
readings, doctors can decide on how to further manipulate the EDD and proceed with the procedure.
Figures 39-41 show illustrations from [2] that indicate potential positioning of the sensors along
the surface of the outer tube, in close proximity and preferably in contact to the esophageal wall.
The sensors can be more densely populated near the curved portion since that is the expected

location for the heart to be relative to the device.

Esophagus
Tissue

EDD
Overtube

EDD
Temperature
Sensor

Figure 39: Temperature sensors surrounding outer tube of EDD circumferentially in order to
contact esophagus wall [2].

EDD Temperature Esophagus

Sensors OVertube
- V- PJ“A
v

Figure 40: Temperature sensor array distributed axially along and circumferentially cross the
outer tube of the EDD [2]
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Figure 41: Temperature sensor array distributed cross section [2]

A combined approach for both deflecting and sensing has a few key advantages. The
procedure can be simplified by having only one device to use instead of two. The sensors position
can be pre-defined relative to the device and thus the esophagus. This is as opposed to the thermal
sensors unintentionally lying next to the outer tube but on the opposite side of the heart.
Furthermore, methods can be developed that assist the medical practitioner with placement or

repositioning of the device as the thermal sensing can provide useful real-time feedback.

2.5 Review of the Claims in the Patent “Esophageal

Deflection Device”

The following claims have been published in US20200029822A1 [2]. These claims clearly
convey the novelty of certain aspects of the device, as they compare with “prior art”, or the existing
literature such as patents and journal articles. The claims in this patent cover both technical design
aspects as well as methods to employ such a device. The technical aspects include the precurved

outer tube and inner rod design for deflection and the temperature sensor array for the necessary
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thermal sensing during an atrial ablation procedure. Each of the claims below can be further
investigated including the ability to deflect and sense. These functions should be optimized and
are functions of materials, geometry, sensor layout, and other technical aspects that will be
discussed in later chapters of this thesis. The claims for US20200029822A1 “Esophageal

Deflection Device” [2] are:

1. An esophageal deflection device, the device comprising: an elongate outer tube
of biocompatible material having a proximal end and a distal end, the elongate outer tube
being configured to contact walls of an esophagus, the elongate outer tube comprising a
curved deflection between the distal end and the central portion, the elongate outer tube
being flexible and resilient to maintain the curved deflection in a natural state and allow
straightening of the elongate outer tube in response to force applied from within the
elongate outer tube, the elongate outer tube being flexible enough to allow insertion and
withdrawal from the esophagus, the curved deflection being stiffer than the esophagus such
that the esophagus will conform to the shape of the curved deflection when the
curved deflection is not straightened; and

an elongate insertion tube or rod having a distal end and a proximal end, the
elongate insertion tube being dimensioned to slide within the elongate outer tube, at least
a portion of the elongate insertion tube being stiffer than the curved deflection of the
elongate outer tube to create the force applied from within the elongate outer tube to at
least partially straighten the curved deflection of the elongate outer tube when the portion
of the elongate insertion tube is within the curved deflection of the elongate outer tube, the
elongate insertion tube being sufficiently flexible to allow insertion into the esophagus
while the portion of the elongate insertion tube is within the curved deflection of the
elongate outer tube.

2. The device of claim 1, further comprising:
an elongate outer tube handle at the proximal end of the elongate outer tube forming
a grip for a practitioner;

an elongate insertion tube or rod handle at the proximal end of the elongate insertion
tube or rod forming a grip for a practitioner.

3. The device of claim 1, wherein a length of the elongate outer tube from a central
portion to the distal end is predetermined to place the curved deflection at a targeted
esophagus location near the left atrium of the heart and the curved deflection is U-shaped
or is compound curve shaped.
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4. The device of claim 1, wherein the curved deflection of the elongate outer tube
is immediately adjacent the distal end of the elongate outer tube and the
curved deflection of the elongate outer tube is separated by a straight portion of the
elongate outer tube from the distal end of the elongate outer tube.

5-6. (canceled)

7. The device of claim 5, wherein the elongate outer tube comprises bellows and
the curved deflection includes bellows having different stiffness.

8. The device of claim 1, comprising a domed tip at the distal end of the elongate
outer tube with an opening in the domed tip.

9. (canceled)

10. The device of claim 8, wherein the distal end of the elongate rod or tube
comprises a taper and the distal end and opening in the domed tip are sized to permit a
portion of the taper to extend through the opening the in the domed tip.

11. The device of claim 1, wherein one or both of the elongate outer tube and the
elongate insertion tube comprises a variable stiffness along its length.

12. (canceled)

13. The device of claim 1, comprising one or all of a depth insertion indicator, radio
opaque marker, and a lumen in the insertion tube or rod.

14-15. (canceled)

16. The device of claim 1, wherein the insertion tube or rod comprises or consists
of an endoscope.

17. The device of claim 1, wherein an outer diameter of the elongate outer tube is
substantially matched to an esophagus inner diameter.

18. The device of claim 1, wherein an outer diameter of the elongate outer tube is
at least half of an esophagus inner diameter.

19. The device of claim 1, wherein an outer diameter of the elongate outer tube is
less than half of an esophagus inner diameter, the elongate outer tube further comprising
suction ports for drawing a vacuum to draw esophagus walls into contact around the
circumference of the elongate outer tube.

20. The device of claim 1, comprising a three-dimensional arrangement of plurality
of temperature sensors disposed near an outermost surface of the elongate outer tube.
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21. (canceled)

22. The device of claim 20, wherein the elongate outer tube comprises an outer
coating and the temperature sensors are embedded in the coating.

23. The device of claim 20, wherein the temperature sensors are arranged in
orthogonal pairs along the device's longitudinal axis, exceeding the average length and area
that the heart is in contact with the esophagus.

24. The device of claim 20, wherein the temperature sensors are arranged in
orthogonal pairs along the device's longitudinal axis, and increase in density in the region
of curved deflection.

25. A method for conducting an esophageal deflection, the method comprising:
inserting an insertion rod or tube into an elongate outer tube to straighten a
curved deflection in the elongate outer tube;

inserting the elongate outer tube into an esophagus with the insertion rod to place
the straightened curved deflection in a targeted region of the esophagus near the left atrium;
and

withdrawing the insertion rod or tube to allow the curved deflection to return to its
natural shape and deflect the targeted region of the esophagus; wherein at least a portion
of the elongate insertion tube is stiffer than the curved deflection of the elongate outer tube
to create the force applied from within the elongate outer tube to at least partially straighten
the curved deflection of the elongate outer tube.

26. The method of claim 25, further comprising: obtaining a three-dimensional heat
map of the esophagus through a plurality of temperature sensors embedded near an outer
surface of the elongate outer tube.

27. The method of claim 25, further comprising drawing a vacuum through a lumen
in the insertion rod or tube through suction ports in the elongate outer tube to draw

esophagus walls onto the circumference of the elongate outer tube.

28. The method of claim 25, further comprising introducing fluids or gas through a
lumen in the insertion rod or tube.

29-32. (canceled)
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2.6 Summary

The Esophageal Deflection Device (EDD) described in this section, was designed to deflect
the esophagus during atrial ablation procedures. The EDD was manufactured using material jet
(MJ) 3D printing. The deflection proof of concept was demonstrated using porcine esophagus
tissue. A temperature sensing enabled device was also discussed.

3D printing enabled this prototype to be manufactured and iterated upon, advancing the
design process. Major design decisions require the understanding of the device bending stiffness
which is a function of both geometry and material. In order to make the most effective design
decisions, the mechanical properties of the materials used need to be well understood and an
accurate constitutive model is imperative for meaningful analytical or numerical studies of the
device. The following chapter will explore how to best model the hyperelastic properties of the
new 3D printed rubber-like material.

Chapter 2, in part, is a reprint of the materials as they appear in “Esophageal Deflection
Device”, Karcher Morris, Scott Garner, Youyi Fu, Anay Pandit, Young Seo, Gregory Feld,
Thomas Savides, Frank E. Talke, Ser. 62/468,697, 8 March 2018 (Published Patent (Pending) —
US20200029822A1). The dissertation author was the primary investigator and author of this patent

publication.
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Chapter 3 Uniaxial and Biaxial Testing
of 3D Printed Hyperelastic

Photopolymers

3.1 Introduction

Three-dimensional (3D) printing is extensively used in the early stages of product design
as, for instance, in the design of medical devices [1-4] and soft robotic actuators [5-7]. In these
applications, the knowledge of the material’s properties of the 3D printed materials is essential
since the materials often undergo large deformations while still supporting loads. Thus, the
evaluation and characterization of the mechanical behavior of 3D printed materials is important
for the design and prototyping process, and a detailed knowledge of the constitutive equations is
essential [8, 9]. However, limited information and data related to the mechanical properties and
the constitutive equations of 3D printed material is available in the open literature. Rubber-like
photopolymers with a hyperelastic material response are among the most widely used materials

for 3D printing [10].

Large deformations of hyperelastic materials have been studied by Mooney, [11] Rivlin
[12], Treloar [13], and Ogden [14]. For these materials, the elastic modulus can no longer be

considered as constant for all induced strains. Each of the mentioned models proposed a higher
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order isotropic constitutive equation derived directly from extension ratios or the invariants of the
Cauchy—Green deformation tensor relating principal extensions to strain energy.

To obtain accurate material models for hyperelastic materials, uniaxial, equibiaxial, or
biaxial testing needs to be performed. Sasso et al. studied hyperelastic rubber-like materials using
uniaxial and equibiaxial testing [15]. After fitting multiple material models, they validated their
mechanical characterization by comparing planar tension testing with finite element modeling.
Uniaxial tension testing of a commonly used 3D printed hyperelastic material, TangoPlus, has
been performed by Liljenhjerte et al. [16]. They printed uniaxial coupons in two perpendicular
directions to investigate the anisotropic behavior and differences in material model parameters and
maximum extension. Subsequently, they used finite element analysis to validate their results.
Wang et al. utilized 3D printing techniques to combine two 3D printed materials, VeroBlackPlus
and TangoPlus, to design and manufacture phantom aortic tissue with similar mechanical
properties [17]. Bodaghi et al. investigated thermomechanical properties of 3D printed material
mixtures in order to design self-expanding/shrinking structures [18]. Uniaxial, tests were
performed, and anisotropic material properties were identified.

Biaxial testing of hyperelastic material has also been performed by Seibert et al. [19].
Special care was taken to produce the coupons used in their biaxial testing, and a number of
material models were implemented, including the Mooney—Rivlin model, to better understand the
response of hyperelastic materials to large deformations. The present investigation extends the
previous studies [11-19] by performing uniaxial and biaxial tests for a commonly used 3D printed
photopolymer, TangoBlackPlus. The material coefficients of different material models are
determined based upon uniaxial and biaxial testing data. Special emphasis was given to the design

of the coupons for biaxial testing in order to ensure a homogenous strain field in the evaluation
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area. Using the obtained material coefficients, we have applied finite element analysis to determine
the deflection of a hollow tube undergoing large deformation to show the dependence of the results

on the material models derived from biaxial and uniaxial tests.

3.1.1 Common Hyperelastic Material Models

The Mooney—Rivlin model is commonly used to describe hyperelastic materials. The strain

energy function, W, can be described as follows assuming incompressibility and isotropy:
W(I,I) = Cyo(I -3) + Coy (I, - 3) (3.1)

where Cioand Co are the material coefficients. I and L» are the first and second principal
invariants defined using the principle extension ratios. The invariants can be mathematically

described using the Cauchy—Green deformation tensor, Dr, and the principal extension ratios Ai:
— — 12 2 2
Iy =tr(Dr) =27 + 23 + 43, (3.2)

2= % tr(D}) - (tx(DR))°| =23 + 2323 + 2323,

(3.3)
I3 =det(Dg) =23 15/5 (3.4)
where A=¢+ 1. For simple extension, assuming incompressibility (I3= 1), and with A1 =2, A2

= )3 = 1/4/2, the stress—stretch relation of the Mooney—Rivlin model can be simplified to:
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2C 1
= <2C10 + 01) (/12— —)
A A (3.5)

Another commonly used model is the Neo-Hookean model, which is a special case of the
Mooney—Rivlin model in which Co reduces to 0.

The Ogden material model considers hyperelastic behavior found in many rubber-like
polymers undergoing large deformations and strain. In this model, strain energy, W, directly
depends on the principal extension ratios and is described as:

. -3)

j'lyAZ)j-}) +j.

(IP

*MZ

(3.6)

where L1, and o are the material constants to be fitted, and N is a positive integer commonly
assumed to be 3. This model can be simplified considering incompressibility and uniaxial tension

resulting in the stress—stretch relation:

o= PXN:P'p (a"f’ —/r%%)

=1 (3.7)

The Ogden model is generally used to capture stress—stretch curve inflections of a polymer
at large strains before failure; the latter behavior cannot be modeled with the Neo-Hookean or the

Mooney—Rivlin model. Further details have already been published elsewhere [20,21].

3.2 Experimental Study

3D printing of test coupons was performed using material jet 3D printing [22]. This method,

illustrated in Figure 42, enables the mixing of materials, as different types of photopolymers can
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be jetted at various locations and layered on the “build” surface. In material jet 3D printing, an
ultraviolet (UV) light is used to cure, or harden, the photopolymer, that is, crosslinking the
monomers and polymer chains.

By using material jet technology and mixing different photopolymers, single 3D printed
parts can be manufactured with continuous and gradual changes of mechanical properties. Stiffness
properties can be varied smoothly from one point to another. Rigidity and flexibility of the printed
material are not only a function of the geometry but also a function of the manufacturing process.
The PolyJet material jet 3D printing process consists of four main steps: (1) photopolymer resin is
jetted from an array of nozzles in specified locations onto a support, the so-called build plate, (2)
an UV light cures the photopolymer sprayed onto the surface allowing crosslinking to occur, (3) a
metal roller flattens and removes residual surface material, and (4) the build plate is lowered and

another layer is deposited in a similar manner.

4+ Roller
Jetted Photopolymer

Resin \ == UV-light
“Build”
z Surface
y
X

Figure 42: Material jet 3D printing schematic showing photopolymer jetting UV light, and xyz
translational degrees of freedom.
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Test coupons composed of TangoBlackPlus were manufactured using a commercially

available material jet 3D printer (Stratasys Objet350 Connex3). The material properties of

TangoBlackPlus as provided by Stratasys are shown in Table 3 [19].

Table 3: Material Properties for TangoBlackPlus as Specified By the Supplier [19].

ASTM Metric
Tensile strength (MPa) D-412 0.8-1.5
Elongation at break (%) D-412 170-220
Compressive set (%) D-395 4-5
Shore hardness (Scale A) D-2240 26-28
Tensile tear resistance (kg cm™3) D-624 2-4
Polymerized density (g cm™) D-792 1.12-1.13

3.2.1 Uniaxial Testing

The Mooney Uniaxial coupons as shown in Figure 43 were fabricated according to ASTM

D-412 standards for tensile testing of vulcanized rubber. Stepped, or jagged, edges are often found

where curvature was intended due to inaccuracies caused by the 3D printing process. Because of

this, minor coupon modifications were made to ensure a smooth curvature from the gripped portion

to the neck on each end. The final design and the printed part are shown in Figure 43(a,b),

respectively. The 3D printed orientation on the printer build plate is shown in Figure 43(c)

indicating that uniaxial coupons were printed in transverse and longitudinal directions
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corresponding to the build plate x- and y-directions. Uniaxial testing was performed using a
commercially available tensile tester (MTS Criterion tester) with a SMT-250N load cell for

increased sensitivity (Figure 44). A camera was used to detect strain using digital image correlation.
The extension rate was kept constant at 0.05 mm s '

=
g
3
3 ‘
3
- I i3 I -
_ S4.64mm
24mm | _
190 mm

Figure 43: (a) CAD design for the uniaxial coupon, (b) 3D printed coupon prior to testing, and
(c) schematic illustrating the placement of the coupons on the 3D printer build plate to study the
influence of printing direction on mechanical properties.
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Load
Cell

Testing
Coupon

Figure 44: MTS criterion tester with loaded coupon and camera set up.

3.2.2 Biaxial Testing

The Mooney Novel biaxial coupons (Figure 45) were fabricated taking advantage of
material mixing unique to material jet 3D printing. Biaxial testing of rubber-like materials is
strongly affected by the clamping conditions of the sample coupon. The clamping regions (see
Figure 45) were printed with a mixture of TangoBlackPlus and VeroClear while the center section
was printed with pure TangoBlackPlus, which is the material of interest in this study. VeroClear
is a PolyJet photopolymer that, when cured, has an approximately 10,000 times larger elastic
modulus than TangoBlackPlus. Between the outside clamped areas and the softer inner area of
interest made up of 100% TangoBlackPlus, a gradual transition occurs with step sizes ranging
from 2.5 to 0.25 mm with a varying percentage of VeroClear and TangoBlackPlus to give a smooth
gradient in stiffness [Figure 45(a)]. Cutouts are implemented in the coupon, as shown in Figure

45(a), to isolate the clamped region from the center region to be tested. This improved design
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provides an increased amount of total strain as well as a uniform strain field at the center of the
coupon. Biaxial coupons were printed and oriented with the x and y-axes, as shown in Figure 45(c).

Special care was taken with all samples to remove support material without using sodium

hydroxide-based solutions.

(a) (b)

Clamping
Region
(VeroClear™)

Region of Interest
13.80 men (TangoBIaCkPIUSTM)

Figure 45: (a) CAD design for the biaxial coupon, (b) 3D printed coupon prior to testing, and (c)
schematic illustrating the placement of the coupons on the 3D printer build plate to study the
influence of printing direction on resulting mechanical properties.

Biaxial tests were performed using the custom-built biaxial testing apparatus [24] shown
in Figure 46. The biaxial testing setup, described further in [24], used four stepper motors with
individual spindle units. The motor and spindle system were arranged so that the middle section

of the sample remained at the same position. Both axes were controlled independently of each
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other, allowing the coupon to be exposed to any desired deformation state. The control of the setup

was implemented in LabVIEW.

Objective SForce
(Camera) SN
X-axis
Testing _axis
Coupon Y

Figure 46: Biaxial testing apparatus with biaxial coupon.

The test procedure for biaxial testing was as follows: First, the sample was prestretched in
the y-direction to a predefined value, leading to an essentially uniaxial deformation state in the y-
direction. Thereafter, the y-displacement was kept constant for the remainder of the experiment,
while the x-displacement was increased stepwise until rupture of the sample occurred. This
procedure is equivalent to transforming an initial uniaxial deformation state into a complex biaxial
deformation state. After each displacement increment, the sample was allowed to relax before
forces in the x- and y-directions were measured using load cells.

In order to determine the strain in each direction for each step increment, a speckle pattern

was initially spray coated on the surface of the sample. Correlation algorithms were then used to
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compare the deformed speckle pattern after each stretching step with the initial speckle pattern,
using commercially available software (ISTRA 4D [Dantec Dynamics], Skovlunde, Denmark).
The strain in the z-direction was calculated from the strain in the x- and y-directions and by the
condition of incompressibility. The cross-sectional area was calculated assuming homogeneous
deformation in the center of the coupon. Assuming a principal axis system, the Cauchy stress was
determined by dividing the measured forces by the current cross-sectional area perpendicular to

each.

3.3 Results and Discussion

Stress—stretch curves of longitudinally and transversely 3D printed TangoBlackPlus
coupons are shown in Figure 47(a,b), respectively, for uniaxial testing. From Figure 47(a,b), we
have calculated that the elastic modulus is approximately 0.35 MPa at 50% strain with an
elongation of approximately 70% at break. These results do not depend on the printing direction.
The Mooney—Rivlin coefficients for longitudinally and transversely printed coupons are:

C10=0.008 % 0.004MPa, Co1 = 0.0970 % 0.006 MPa longitudinal

Ci10=10.009 + 0.004MPa, Cp1=0.094 + 0.005 MPa transverse

Clearly, the Mooney—Rivlin material coefficients do not depend on the printing direction.

A similar conclusion can be drawn for the Neo-Hookean material coefficients, given by:

C10=0.071 £ 0.003 MPa longitudinal

C10=0.071 £+ 0.004 MPa transverse
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Figure 47: Uniaxial testing results for (a) longitudinally and (b) transversely printed coupons and
their respective coupons after break (c,d). The solid lines in (a) and (b) represent experimental
data, while the open circle represents the Mooney-Rivlin fit.
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Figure 47 Continued.

After elongating to break, scanning electron microscopy (SEM) was used to image the
surface of the broken cross sections. Independent of the coupon’s printing direction, individual
laminates, or layers, can be seen normal to the x-direction for longitudinally printed coupons
[Figure 48(a)] and, similarly, normal to the y-direction for transversely printed coupons. Layering,
due to the 3D printing process, is visibly normal to the z axis in Figure 48(b). We observe that the

thickness of each individual layer varies slightly and is approximately 20 um.
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Figure 48: SEM micrographs of uniaxial coupons after testing which illustrate (a) lamination of
the interface from rupturing and (b) layering caused by 3D printed process. The TangoBlackPlus
photopolymer has been deposited and cured layer-by-layer normal to the z-direction.

The SEM micrographs illustrate a microstructure unique to additive manufacturing of
photopolymers. Again, the difference in the microstructure of transversely and longitudinally 3D

printed coupons was found to be minor.
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Figure 49 shows time-dependent plots for displacement and force in the x- and y-direction
for biaxial testing as a function of time. As can be seen in Figure 49(a), the biaxial test coupon was
first prestretched in the y-direction. After a holding time of 300 s, the displacement in the x-
direction was increased stepwise. The prestretching in the y-direction induced a time-dependent
response in both the x-and y-direction as shown in Figure 49(b) due to relaxation. The stepwise
increase of displacement in the x-direction leads to a stepwise increase of the force in the x- and
y-directions. As can be seen from Figure 49, at a time of 1000 s when the displacements in the x-
and y- directions are equal, the forces in the x- and y-directions are equal. A holding time of 90 s
for each individual step was selected to allow complete relaxation to occur. The displacement and
force measurements at the end of each holding time step are plotted versus time in Figure 49(c,d),

respectively.
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Figure 49: (a) Displacement and (b) force versus time plots showing the pre-stretching in y-
direction and the stepwise stretching in x-direction as well as the respective force response in
both directions. (c,d) Smoothened displacement- and force-time curves, respectively.

Figure 50(a) shows typical strain measurement results using digital from Figure 50(a), the
strain field is uniform in the middle of image correlation. For each individual step increase, a new
image the sample. In Figure 50(b), the measured strain is plotted versus was acquired to estimate
the respective strain. As can be seen the total number of steps. We observe that prestretching in
the y-direction leads to an initial increase of strain in the y-direction and a negative initial strain in
the x-direction. Increasing the strain subsequently in the x-direction causes a decrease of the strain

in the y-direction.
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Figure 50: (a) Strain measurements (Lagrange) of biaxial coupon undergoing equibiaxial load
using digital image correlation with a speckle pattern, (b) strain versus number of individual
steps, and (c) derived invariants /;, and /> based upon biaxial testing.

76



61— Foroe' (x-directicm')
5 - Force (y-direction)
— 4‘
<
T
S 2
1-
0- ' ' ' |
0.95 1.00 1.05 1.10 1.15
extension ratio
(@)
04 .

— Experimental data (x-direction)
—— Experimental data (y-direction) 1

O  Mooney-Rivlin fit (x-direction)
0.34 © Mooney-Riviin fit (y-direction)

»

stress (MPa)
o
i

),f/(lm'}-‘_.

0.0 \ ' '
0.95 1.00 1.05 1.10 1.1
extension ratio

(b)

Figure 51: (a) Force versus extension ratio for a selected value of prestretching in the y-direction.
(b) Experimental results and numerical fit for the first-order Mooney-Rivlin model.
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Figure 50(c) shows a plot of the first and second principal invariants of the Cauchy—Green
strain tensor as calculated from nine biaxial tests. Each point represents a unique deformation state
of the coupon induced by different initial prestretching magnitudes in the y-direction. We note that
a multitude of deformation states is observed for the first and second invariant using biaxial testing.

Combining the force response, plotted in Figure 49(d), and the strain measurements, given
in Figure 50(b), we obtain a plot of force versus extension ratio [Figure 51(a)].

Due to the prestretching in the y-direction, the force in the x-direction increases initially
while the extension ratio decreases [Figure 51(a)]. Thereafter, the force in the x-direction increases
with an increase in the extension ratio. The force response in the y-direction shows first an increase
due to prestretching. Then, as the force in the y-direction increases, a slight decrease in extension
ratio is shown, which can be correlated with the stepwise stretching in the x-direction and the
Poisson’s ratio [Figure 51(a)]. Figure 51(b) shows the parameter fit to a selected biaxial test. Using
data from biaxial testing, we derived both material coefficients Cio and Co1 of the Mooney—Rivlin
model. It is important to state that only biaxial testing allows for a unique identification of both
coefficients. Across the nine biaxial tests with varying prestretching, the representative Mooney—

Rivlin coefficients were found to be:

Ci10=0.1021 MPa, Co1=0.1473 MPa

From the results above, we observe that the coefficients of the material models vary
depending on the test used to derive them. In particular, our results show a significant difference
in the Mooney—Rivlin coefficients depending on whether the parameters were derived from
uniaxial testing or biaxial testing. Since incompressibility is assumed for strain calculations in

uniaxial testing, the second invariant depends on the first invariant. Because of this, the first
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Mooney—Rivlin coefficients Cio and Co1 cannot be uniquely defined from uniaxial testing. The
Mooney—Rivlin coefficients based upon data from uniaxial testing agree well with results
presented by Liljenhjerte et al. [16], in which it was found that material jet 3D printed materials
have a similar response in both the longitudinal and the transverse directions for uniaxial tests.
Liljenhjerte et al. found that elongation at break is a function of the orientation of the printed
samples [16]. Our uniaxial results correspond to an elongation of approximately 70% at break
irrespective of the printing direction. Reasons for this discrepancy seem to be related to the
hyperelastic characteristics of the photopolymer resin or to differences in the 3D printing process.
Differences in the design of the coupons may also have influenced elongation at break by
decreasing the likelihood of fracture at the curved edges near the clamped regions.

Uniaxial and biaxial testing results indicated that the material behaved quasi-isotropic with
respect to the printing directions used in this study. The major benefit of performing biaxial tests
as opposed to uniaxial tests is that the coefficients of the Mooney—Rivlin model can be uniquely
derived from a large number of deformation states. Thus, both coefficients of the Mooney—Rivlin
model (Cio and Co1) were fitted and found to be significant. In contrast, if a bulk material is
deformed in simple extension, then a one-parameter Neo-Hookean or Mooney— Rivlin model
based upon only uniaxial data is the only choice for parameter estimation. However, in the case of
a complex deformation state, the simplified Neo-Hookean or Mooney—Rivlin models are
insufficient and biaxial testing is necessary to capture the influence of both invariants through the
Cioand Co coefficients. Thus, it is apparent that the evaluation of a multiplicity of deformation

states is desirable and leads to a more accurate material model as compared to uniaxial testing.
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Table 4: Implemented Material Models for Device Deflection [23].

Model Input parameters (MPa)
Linear elastic (min) E=0.66
Linear elastic (max) E=214
Neo-Hookean (uniaxial) C10=0.071
Mooney-Rivlin (uniaxial) C10=0.009

Coy = 0.096
Mooney-Rivlin (biaxial) Ci0=0.1021

Co1 =0.1473

After evaluation of the material parameters, we have used the elastic modulus for
TangoBlackPlus as provided by the supplier (minimum and maximum values in Table 4) as well
as our derived material coefficients as material input parameters for a finite element simulation for

the flattening of a curved hollow tube (Figure 52) undergoing large deformations.

Effective Stress (v-m) [Pa)
6.518e+04

5.867e+04

5.215e+04 -
4.563e+04
3911e+04 :
3.25%e+04 :
2.607e+04 :
1.956e+04 -
1.304e+04 y

| vV 6.518¢+03 1

0.000e+00

Figure 52: Finite element simulation of a curved cylindrical tube being straightened with
illustrated boundary conditions.
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This test case was motivated by our present work on 3D printed disposable endoscope-like
devices [25]. Due to the large deformation attained by these devices during use, complex
deformation states are observed and the question arises as to how large the influence of the material
parameters used is on simulation results.

The curved hollow tube geometry was comprised of straight and curved sections with an
inner and outer diameter of 8 and 12 mm, respectively. The curved portion had an initial radius of
curvature of 30 mm. A slight inflection at the end tip of the curve was added to aid in the initial
flattening of the device in the transient simulation. The calculations of the maximum force required
for straightening the tube were performed with LS-DYNA. Solid eight-node brick elements were
used to mesh the geometry. The straight section of the tube was constrained in all six degrees of
freedom. The upper surface was assumed to be stationary, while the lower surface was moved

slowly at a velocity, v, against the curved tube to straighten it.

LS-DYNA incorporates a variety of material models including linear elastic, Neo-Hookean,
and the two-parameter Mooney— Rivlin model. Using these models together with the data provided

by the supplier and our experimental data (Table 4), we have plotted in Figure 53, the maximum

forces on the moving rigid wall during straightening of the curved tube.
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Figure 53: Maximum force simulation results for different material models.

We observe from Figure 53 that the resulting maximum force differs significantly from
model to model. Using the maximum and minimum value of the elastic moduli as provided by the
supplier of TangoBlackPlus, we observe forces of 1.62 and 0.49 N, respectively. These values are
an approximation for the two extreme values. The Neo-Hookean model and the Mooney—Rivlin
model based upon data from uniaxial testing predict forces of about 0.32 and 0.47 N, respectively.
These values are comparable with the force value predicted by the minimum elastic modulus given
by the supplier. In contrast, the Mooney—Rivlin model based upon data from biaxial testing
predicts a force of about 1.14 N, which is higher than the results based upon data from the uniaxial
tests but lower than the linear elastic maximum. It is interesting to note that both material models
based upon data from uniaxial testing give values close to the lower limit determined with the

minimum elastic modulus. On the other hand, the material model based upon biaxial testing
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predicts an increase in the maximum force by about a factor of 2. Since one material coefficient
(as derived by uniaxial testing) is not sufficient to accurately describe a hyperelastic material
behavior, it is justifiable to conjecture that the force response using the Mooney—Rivlin model
based upon biaxial data is more realistic than the results using simplified material models. Clearly,
material models and the method of how to derive their coefficients are important input parameters
that have a large influence on simulation results. Consequently, special attention needs to be paid
to the selection of the right material model derived from appropriate mechanical testing methods
when performing finite element simulation. In this context, it is important to emphasize that more
accurate and reliable material models can assist with the design of rubber-like 3D printed devices,
such as medical devices or robotic actuators, which may undergo even more complex deformations
[25-27]. The knowledge and use of these improved material properties will greatly improve the

design process.

3.4 Conclusions

The nonlinear material response of a 3D printed photopolymer (TangoBlackPlus) was
studied using uniaxial and biaxial testing. Coupons printed in two different printing directions were
investigated. The material coefficients derived for the Neo-Hookean and Mooney—Rivlin model
based upon uniaxial and biaxial data were used as input material parameters for a finite element
analysis of a curved hollow tube undergoing large deformations. From the experiments and

subsequent finite element simulation, we conclude:
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I. Based upon uniaxial testing, the elastic modulus was about0.35 MPa at 50% strain with an

elongation of approximately 70% at break. The results did not depend on the printing direction.

2. Biaxial testing indicated that the material response was quasi-isotropic with respect to the
printing directions used in this study. Both coefficients of the Mooney—Rivlin model (Cio and Co1)
were fitted and found to be unique and significant. The major benefit of performing biaxial testing
was that the coefficients of the Mooney—Rivlin model can be derived from a large number of

deformation states.

3. Based upon biaxial testing, the Mooney—Rivlin coefficients Cio and Co1 for

TangoBlackPlus were determined to be 0.1021 and 0.1473 MPa, respectively.

4. A simple finite element simulation investigating the deformation behavior of a curved
hollow tube and assessing the maximum force necessary to straighten it demonstrated that material
models and the method for how to derive their coefficients are important input parameters that
influence simulation results substantially. Consequently, special attention needs to be paid to the
selection of the right material models derived by appropriate mechanical testing methods when
performing finite element simulation.

Chapter 3, in part, is a reprint of the materials as they appear in “Uniaxial and biaxial testing
of 3D printed hyperelastic photopolymers.” Morris, K., Rosenkranz, A., Seibert, H., Ringel, L.,
Diebels, S., Talke, F. E. (2020), Journal of Applied Polymer Science, 137, 48400. The dissertation

author was the primary investigator and author of this patent publication.
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Chapter 4 Toward a Final Design of the

Esophageal Deflection Device

4.1 Introduction

Atrial fibrillation (AF) is a common heart condition that affects tens of millions of people
worldwide [1]. Cardiac electrophysiologists treat this disease with cardiac ablation, where a
radiofrequency (RF) ablation catheter is inserted intravenously to thermally ablate the defective
heart tissue. The esophagus lies directly behind the left atrium and is in close proximity to the heart
during the ablation procedure. This close proximity of the esophagus poses a significant medical
risk to the patient since it can lead to thermal injury of the esophagus [2,3]. To address the risk of
thermal injury, clinicians currently use endoscopes, endotracheal stylets, or nitinol embedded rods
to move the esophagus temporarily away from the heart [4-6]. These approaches pose additional
risks to the esophagus, are time consuming, or require that an internist is on standby during the
ablation procedure, which results in an increase of cost to the hospital.

In this paper, a new device, the so-called Esophageal Deflection Device (EDD), is designed
to protect the esophagus during ablation procedures by mechanically moving the esophagus away
from the heart [7-9]. The EDD consists of two parts, a pre-curved flexible tube and an insertion
rod. Prior to the procedure, the insertion rod is positioned inside the pre-curved tube, thereby
straightening the tube for easy insertion. After the tube and insertion rod are inserted into the

esophagus, the rod is pulled out and the tube reassumes its original pre-curved shape. During the
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process of reassuming its initial curvature, the tube applies a pressure to the esophageal wall and
moves the esophagus away from the ablation site.

Medical devices have made use of pre-curved tubes in many applications, most notably in
surgical robotics. Morimoto et al. [10], investigated experimentally the use of pre-curved
concentric tubes for application in neurosurgery. Webster et al. [11] studied the mechanics of pre-
curved tubes using Euler Bernoulli beam theory and analyzed the deflection of multiple concentric
tubes with various sizes and curvatures. Rucker et al. [12] implemented an analytical model for the
geometry considered in [10] to account for large deformation of pre-curved tubes. Their analytical
developments are founded from Antman’s work [13] on Cosserat rod theory. Baek et al. [14] used
finite element analysis to further study interaction of concentric tubes. Morimoto and Okamura
[15] expanded the work of Webster et al. [11] by comparing beam mechanics theory to their
experimental results measuring the curvature of initially pre-curved concentric tubes.

In the present work, we study thin polymeric tubes used in the Esophageal Deflection
Device and investigate the effect of material and design parameters on the maximum stress and
maximum force caused by the flattening of the pre-curved tubes. A nonlinear constitutive equation
of the Mooney Rivlin type was used for the tube material, with material parameters determined
experimentally from uniaxial tensile tests. Pre-curved tubes were thermoformed and tested to
evaluate the deformation of the tube with different curvatures and cross sections. A finite element
simulation was developed to model the deformation of the tube, and its dependence on the
materials properties. The analytical, experimental, and numerical results are discussed along with

their applications to the final medical product.
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4.2 Medical Background

Figure 54: Schematic illustrating esophagus location A (undesirable) and location B (desirable)
relative to the heart during a catheter ablation procedure.

Atrial Fibrillation (AF) is a common heart arrhythmia, or irregularity of the heart rate,
which leads to a variety of health problems including chest pain, fatigue, or an increased likelihood
of heart failure [1]. The mechanisms that cause AF are complex and are associated with
irregularities of the electrical conduction system of the heart and atrial tissue characteristics [2].
Atrial ablation is a procedure that ablates defective heart tissue thermally. Ablation regions can be
targeted by placing electrodes within the heart to perform, for example, pulmonary vein isolation
that prevents irregular heart rate [2]. During the ablation procedure, esophageal tissue can be
thermally damaged due to its proximity to the heart [3,16]. A rare and potentially fatal outcome of
atrial ablation is the forming of an atrio-esophageal fistula, i.e., the creation of an opening between
the heart and the esophagus due to the proximity and heat exchange between the left atrial wall

and the esophagus [17,18]. It is common practice to utilize a temperature probe to measure luminal
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esophageal temperature during the ablation procedure. If the temperature rise is above a safe value,
the cardiac electrophysiologist performing the procedure will stop the ablation and move the
esophagus away from the ablation region.

A schematic of the heart and neighboring esophagus is shown in Figure 54. Position A is
the undeflected position of the esophagus, while position B is the deflected position of the
esophagus, after moving it away from the ablation region. The esophagus is composed of two
primary layers, a soft flexible muscular tissue and a more durable inner mucosa lining, with a
thickness of approximately 3 mm for the muscle layer, and 2 mm for the mucosa layer [19]. The
properties of human tissue and their variations within the esophagus and heart have been
investigated [19, 20]. These studies note the resilience of the esophageal tissue. Clinically used
stents have also shown to expand radially and exert forces on the esophagus greater than 80 N
when deployed at a diameter of 15 mm [21]. Moreover, Evonich et al. [22] showed, through
experimental tensile tests of porcine tissue, that the structural integrity of esophageal tissue will
remain intact even after thermal damage from ablation. To help in the analysis and understanding
of this ablation procedure including thermal damage, finite element models have been designed to
simulate the heat transfer from the ablation site to the esophagus [8,9,17,18]. Esophagus tissue has
also been investigated using finite element analysis by taking into account the thick, foldable
esophageal walls [23]. Furthermore, the relationship between an atrial retractor and the

surrounding heart tissue has been examined by finite element simulations in [20].
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4.3 U-shaped Design of the EDD

Insertion Rod

\

\

Pre-curved Tube

v/

Figure 55: Computer aided design model of an esophageal deflection device (EDD) with tube
and insertion rod.

Figure 55 shows a 3D model of our Esophageal Deflection Device originally proposed in
[7,9]. The device consists of a pre-curved flexible tube and an insertion rod. The pre-curved tube
is straightened by the rod prior to its insertion in the esophagus. After insertion of the assembled
device, the inner rod is pulled out, causing the deflection of the esophagus, as the tube tends to
reassume its original curved shape. To manipulate the position of the esophagus during the
procedure, the EDD may have to be inserted further, retracted, or twisted. After completion of the
procedure, the EDD can be retrieved by slowly pulling on the handle of the assembled device.
The inner rod may be fully inserted if more precise control of the esophagus position is desired
by the surgeon during retrieval of the EDD.

To deflect the esophagus, important design parameters of the EDD are the tube’s cross

section (outer and inner diameter of the tube), the radius of curvature of the tube, and the bending
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stiff ness and strength properties of the material used. The assembled device including the tube
and inner rod should be made flexible enough to navigate through the mouth and into the
esophagus. We describe in this paper the idealized case of a rigid insertion rod to make our point
clear. However, the inner rod must be flexible enough to cannulate the esophagus and does not
need to be homogenous or uniform in its cross section. The design of the EDD must also take into
consideration the mobility of the esophagus due to its interactions with adjacent soft tissue [21]
and anatomical conditions including the diameter of the esophagus, the size of the heart, and the
distance from the mouth. The tube should not exert pressure or forces on the inner esophageal
wall that would exceed the limits tolerated by the human tissue. The quality and mechanical
performance of the device should be tested further, beyond the force and deflection properties, to
ensure patient safety. Tests for safe and reliable use should also be examined for anatomical
variations of patients including children versus adults, and variability in tissue material properties.
To satisfy FDA required ISO 10993 standards, the materials used in the EDD must be of
biomedical grade and quality [24].

The assembled esophageal deflection device is inserted through the mouth into the
esophagus. As the insertion rod is retracted, the tube reassumes almost fully its original curved
shape (Figure 56), depending on the position and stiffness of the surrounding tissue. In our EDD,
the radius of curvature for all curved portions of the tube is R = R1, and the distance between the
two ends of the curved portions of the tube is Lo. The inner and outer radii of the hollow circular
cross section of the tube are a and b, respectively. The change in the shape of the EDD tube from
its initial curved position to the straight position by insertion of the stiff rod can be calculated by
applying two pairs of opposite couples M and 2M at the cross sections corresponding to inflection

points of the original curved shape of the tube. The magnitude of the couple M is chosen to
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eliminate the initial curvature of the tube (£1/R). When the insertion rod is removed, the EDD
goes back to its original shape and applies a pressure along the inner esophageal wall, thereby

moving the esophagus away from the ablation site.

Figure 56: Schematic of pre-curved tube with geometric design parameters: the distance between
the two ends of the curved portions of the tube is Lo, the radius of curvature is R = R; for all
curved portions of the tube, and the corresponding angles are ¢ and @2 = 2¢1, so that Lo= 4Ri1¢1.

4.4 Constitutive Equation for a Rubber-like Material

Correct constitutive equations are needed to model the EDD tube mechanical response
during its deformation. If the tube material undergoes only small (infinitesimal) elastic strain, the
stress o is proportional to strain €. For uniaxial stress, o = Ee, where E is the elastic modulus of the
material. For the EDD tube under consideration, strains can be large and a nonlinear relationship
between stress and strain must be considered to describe its mechanical response.

Hyperelastic material models of isotropic nonlinear elasticity are based on the elastic strain
energy function W = W(41,42,43), where 41,42,43 are the principal stretch ratios (the eigenvalues of

the stretch tensor V = B2, where B is the right Cauchy Green deformation tensor B). For the
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Mooney Rivlin isotropic and incompressible material model, the strain energy W is of the form
[25,26]

W =Ci(Ip—3)+ Co(Ilp — 3) (4.4.1)

where Iz and IIp are the invariants of B, while Ci and C; are the material parameters
determined from experimental data. In the case of uniaxial stress, the stretch ratios in an
incompressible isotropic material are 41 =4, lo=/A3=1/ N7, where 4 = I/lpis the ratio of the elongated
and original length of the specimen. The right Cauchy Green deformation tensor B consequently

becomes

A0 0 A0 0
B=(0 X 0(=|0 1/x 0
0 0 M3 0o 0 1/A
(4.4.2)
with the corresponding invariants
IB:A?+A§+A§:A2+§,
1 (4.4.3)

I = NIA2 4+ X303 4+ A3\ =2\ + v

The stress expression follows from the general expression for the Cauchy stress tensor ¢ of

isotropic and incompressible hyperelasticity [25,26],

a:—pI+2<%B— ow B—1>

Olp Ollp (4.4.4)

where the pressure p can be determined by solving the boundary value problem under

consideration; I is the identity tensor, and the exponent —1stands for the inverse. The substitution
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of (4.4.1) (4.4.3) into (4.4.4) gives the expression for the applied longitudinal stress in a uniaxial

tension,

o (1 ) (4.4.5)

Because the normal stress in the orthogonal direction is equal to zero under

uniaxial tension, it also follows from (4.4.4) that

A A (4.4.6)
By substituting the expression for p from (4.4.6) into (4.4.5), the stress—stretch
relationship is found to be
c 1 1
=20 /\2——> +2C. (A——)
o ( A \MTe) (4.4.7)

4.5 EDD Tube Material

Ethylene Vinyl Acetate (EVA) was chosen as a material for the EDD tube since EVA has
been used previously in biomedical applications, is easily available, and has good mechanical
properties. Table 5 lists materials properties of commercially available EVA-tubes [Hudson

Extrusions, Inc].
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Table 5: Material properties provided by supplier.

Property Nominal Value Unit Test Method
Melt Mass-Flow Rate (MFR) (190°C/2.16 kg) 2.3 g/10 min ASTM D 1238
Vinyl Acetate Content 18.0 wt%
Density 0.941 g/cm3 ASTM D 1505
Durometer Hardness (Shore D) 37 DIN 5305
Tensile Strength at Yield 4.5 MPa ASTM D 638
Tensile Strength at Break 25 MPa ASTM D 638
Ultimate Elongation 820 % ASTM D 638
Vicat Softening Temperature 62°C ASTM D 1525

The stress strain relationship for the specific rubber-like, EVA co-polymer is not fully
defined in Table 5, but is needed for evaluating the mechanical features of the EDD. In order to
identify a constitutive model that properly describes its stress strain relationship, uniaxial tensile
tests were performed by creating EVA specimens from flattened tube cutouts, and testing them

uniaxially (Figure 57), while adhering to ASTM D-412 standards [27].

Figure 57: Uniaxial tensile testing of ethylene vinyl acetate tube material [MTS-Criterion tester].
The initial length of the specimen is /o= 140 mm, and the initial dimensions of the rectangular
cross section are 3 mm x 1.59 mm.
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Figure 58 shows the stress vs. stretch ratio for up to 15% tensile strain € = Al/ly for five
uniaxial specimens, where /o is the initial length of the specimen, / is its current length, and A/ =/
—lo is the length change. The maximum stretch ratio considered was Amax = //lo = 1.15, which
corresponds to maximum strain in the tube of length L = 84 mm and initial radius of curvature Ro
= 27 mm when it is straightened out by two end couples, as discussed in the next section. The
material response is initially linear, but becomes increasingly nonlinear as the strain increases. To
analytically describe this behavior, we adopted the Mooney Rivlin constitutive model and
determined the material parameters C1 and C> by requiring that (a) the constitutive expression must
reproduce the experimentally observed initial elastic modulus £ = 52.8 MPa (slope of the stress
strain curve at zero strain), and (b) the applied stress at strain € = 0.15 is ¢ = 3.71 MPa, as

experimentally observed. Thus, we required that

6(C1 + Cq) = 52.8 MPa, 20 [ 1.15% — L +2Cy | 1.15 — ! 5 )| =3.71 MPa
1.15 1.152 (4.5.1)

This gives

Cy = —274MPa, C5=36.2MPa_ (4.5.2)

We note that these values of the parameters C1 and C; are intended to be used only for 0.95
<A < 1.15. For very large values of the stretch ratio 4, other values of Ci and C; will be needed,

but these large values of the stretch ratio are not of interest in the present work.
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Figure 58: Experimental results for linear and Mooney Rivlin models from EVA uniaxial tensile
tests in the range of stretch ratio 0.95 <1 <1.15.

4.6 Moment Curvature Relationship

Consider a pure bending of a slender circularly curved tube whose length along the
centroids of the cross sections is Lo. The initial radius of curvature of the centroidal axis is Ry, such
that Ropo = Lo, where ¢o is the angle spanned by two end cross section of the tube (Figure 59b).

Each cross section is a hollow cylindrical cross section, made by two concentric circles of inner

and outer radii a and b, respectively.
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centroidal

neutral

Figure 59: (a) The EDD separated into four equivalent sections a, b, ¢ and d , and the straight
sections e and f at the beginning and the end of the tube. (b) Generalized tube configuration with
applied end moments M, the radius of curvature R, and other geometric parameters utilized in the

analysis. (c) Cross section of the curved tube with the stress distribution along the vertical axis.

The axis ¢ passes through the centroid C of the cross section, while the neutral axis x passes
through the point O at the distance e below the centroidal ¢ axis.

Upon application of two end bending moments M in the vertical plane of symmetry, the
tube bends and a longitudinal section in the vertical plane of symmetry becomes circular with the
radius of curvature R of the longitudinal neutral axis of the tube, such that Rp = Lo. The neutral
axis of each cross section is defined by the condition that ¢ = 0 along this axis. We adopt a

simplified curved beam analysis in which we consider the normal stress orthogonal to the cross
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section of the beam only. If we locate the coordinate origin of the cross section at the point in the

middle of the neutral axis, then the strain at a distance y from the neutral axis can be expressed as

1 1
W) =uhn, A=gioR (4.6.1)

where Ax is the change in curvature. Because the stretch ratio 4 is related to strain

€ by
A=1+e=1+9yAx, (4.6.2)

the substitution of (4.6.2) into (4.4.7) gives

1
1+ yAkx

1

=20 |(1 2 1+ vAR)?2
o 1 [(14+yAr) (1+yAr)?|. (4.6.3)

]—}—202 [1—|—yAf<;—

Under pure bending, the net normal force in each cross section of the tube must vanish,

and the moment of the normal stresses ¢ = a(y) for any point must be equal to M, i.e.,

N:/UdA:O, ]\/[:/nadA,
7 7 (4.6.4)

where the centroid of the cross section is conveniently used as the reference point for the moment
calculation. The vertical distances from the centroid of the cross section () and from the neutral

axis () are related by

y=mn+e (4.6.5)

with e being the vertical distance between the axes x and ¢, as shown in Figure 59c. Upon the

substitution of (4.6.5) into the first expression in (4.6.4), we obtain

(1{A“+yA@%A_/ﬁ?%%ﬂ'H%{A@+”A@dA_/ﬁTf§E?}:9 (4.6.6)

101



Because (& 7) are the centroidal axes of the cross section, it follows that

dA=0, 2dA =T =~ (' —a'), A=n(?-a
/An /An R e (4.6.7)

The small ovalization of the circular cross section caused by the Poisson-type effects in bending
have been ignored; for the analysis of three-dimensional stress state and anticlastic curvature
effects in pure bending of nonlinearly elastic prismatic beams with rectangular cross section, see

[28]. Thus, after performing the integrations in (4.6.6), this equation becomes
Ci(li— )+ Co(l—J2) =0, (4.6.8)

where

I = / (1+yAr)2dA = o*A + I (Ak)?,
A

12:/(1+yAH)dA:O[A7 OC:l"‘GAK/,
A

dA 2 (4.6.9).
= /A TyAn = A Bt Bi= VR (AR - VR S RARE,
dA 2T 1 1
1 B B e Ve

For a given Ax, equation (4.6.9) can be solved numerically for the value of the eccentricity e
corresponding to Ax. The numerical results for the e = e(Ax) relationship are shown in Figure 60a.
We next proceed with the derivation of the moment curvature relationship. The substitution

of (4.6.4) into the second expression in (4.6.3) gives

M =2C 14yA QdAg/ ndA } 20 [/ 14 yA dA/&]
1[//4”( FUARIAA S | e PO ) AR A TR (4.6.10)

Upon performing the integrations, (4.6.10) can be expressed in the form

M =2C1(Is — J3) + 2Co(I4 — Jy) (4.6.11)

where
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I3 = / n(1+yAk)*dA = 20l Ak,

Iy = / n(1+yAr)dA = I:Ak,

]_/ ndA A 27mB
P a1+ uAs T Ak (Ar)E TV

ndA 2m 2
Jy = _ = B B
: /A(1+1/Aff)2 (AH)S( 1+t By) (4.6.12)

Expression (4.6.11) is the desired moment curvature relationship. The corresponding
variation M = M(Ax) is shown in Figure 60b. The solid curve corresponds to the nonlinear Mooney
Rivlin model and the dashed line to the linear elastic material model. In the latter case (4.6.11)

reduces to
M = El:Ak, (4.6.13)

since the stress o = a(p) is in this case is 0 = 6(C1 + C2)e = Ee, while e = 0. For the nonlinear
Mooney Rivlin model, the stress varies nonlinearly along the y direction according to (4.6.3),

which is sketched in Figure 59c.

103



0.6 T T T T T
05 4
041 1
Zo3f 1
021 4
01 4
0 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Ak (1/m)
(a)
0.3 T T T T T T
Mooney-Rivlin model , s
— — — Linear elasticity 2
L Ve i
0.25 y
Ve
e
Ve
e
0.2 Ve 4
e
s
— /
S| Z
Z
Z 045 P 1
~ 7
~ yZ
7
01 b
0.05 i
O 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Ak (1/m)

Figure 60: (a) The eccentricity e vs. the change in curvature Ak in the case of Mooney Rivlin
material model. (b) The applied moment M vs. the change in curvature Ak in the case of Mooney
Rivlin material model.
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4.6.1 Straightening of a Precurved EVA Tube

If a curved tube of initial radius of curvature Ry is straightened-out by two end couples M,
then R —o0 and Ak = Ry !. The corresponding value of M is obtained from (4.6.11) and (4.6.11)
by replacing Ax with 1/Ro. For example, if Ro = 40 mm, the moment needed to straighten-out the
tube is M =0.2079 Nm. If the material of the tube was linearly elastic in the entire range of bending,
the corresponding moment would have been M = EI/Ro= 0.2243 Nm. In these calculations the
inner and outer radii of the tube were assumed to be given by a = 2.38 mm and b = 3.97 mm, so
that 4 = 31.72mm? and I:= 170mm?*, while E = 52.8 MPa.

The normal stress follows from (4.6.3) by replacing there Ax with 1/Ro, which gives

1

o =20, |(1+y/Ro)? (T +y/Ro)2|. (4.6.14)

_ ﬁ} 20, {(1 +y/Ro) —

The magnitudes of the maximum tensile and compressive stresses in this case are

ot =34TMPa, o, = 6.45MPa (4.6.15)

max max

corresponding to y*=4.4 mm and y = —3.5 mm, as shown in Figure 59c.

4.6.2 Straightening of a Doubly Precurved EVA Tube

Figure 61b shows a straightened configuration of a doubly pre-curved EVA tube shown in
Figure 61a. Since the pre-curved portions of the tube are circular, the straightening into a perfectly
straight configuration can be accomplished by the application of two pairs of concentrated couples
of moments M; and M>, because only pure bending by concentrated end couples transforms a
circularly pre-curved tube into a straight tube. The magnitude of the moment M is obtained from
(4.6.11) and (4.6.11) by replacing Ax with 1/R;, while the magnitude of the moment M> — M is

obtained from (4.6.11) and (4.6.11) by replacing Ax with 1/R>, because the central portion of the
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tube of radius R» is under the bending moment M> — M, (Figure 61c). For example, if R1 = R», the
bending moment M> = 2M;, regardless of the values of the angles @1 and ¢>. The straightened-out
configuration of a pre-curved tube is the most critical configuration of the tube, in which the
stresses attain their greatest values, because upon the removal of the inserted straight rod, the tube
is reverting to its original curved shape, releasing its strain energy and relaxing the stresses caused
by the inserted rod. In the case of the cross section of the tube with inner and outer radii a = 2.38
mm and b = 3.97 mm, the maximum stresses are omax = 3.28 MPa and omax = 5.65 MPa in the
case of the radii of curvature R; = R> = 45 mm, while omax™ = 2.59 MPa and omax = 3.73 MPa in

the case of the radii of curvature R = R, = 65 mm.
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Figure 61: (a) The initial pre-curved configuration of the EVA tube. (b) The straightened-out
configuration of the tube produced by the application of two pairs of couples M and Ma. (c) The
moment diagram along the straightened axis of the tube.
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4.7 Experimental Measurement of Force vs.

Deflection of Precurved EV A tubes

Straight EVA tubes were thermoformed in 3D printed molds (Figure 62) to attain curved
geometry similar to that used in the EDD. The thermoforming process consisted of cutting and
fitting the tubes into the mold, heating the mold with the tubes in an oven at 70 °C for 1 hour, and,
finally, cooling the tubes outside of the oven (Figure 63). A sample set of tubes with different
precurved radii are shown in Figure 64. The test set-up for measuring the force vs. displacement
of pre-curved EVA tubes is shown in Figure 65. The setup consists of a load cell (SMT 250N), a
tube mount, and a vertical actuator arm. One end of the tube is clamped into the mount while the
other end of the tube can deflect against a at surface on the mount. The curved portion of the tube
contacts the stationary surface of the load cell. The actuator arm moves the tube mount downward
at a speed of approximately 0.1 mm/s and, as the distance decreases between the at surface on the
load cell and the tube mount. Figure 66 shows the tube in a nearly straightened position between
the load cell and the tube mount. The force applied by the deforming tube is measured using the

load cell until the tube is straightened.

108



Figure 63: Talke Lab Oven for Thermoforming
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Figure 64: EVA tube cut after thermoforming.
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Figure 65: Set-up for measurement of force vs. deflection of preformed deflected EVA tubes.
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Figure 66: Experimental deformed EVA tube with load cell measurement.

In Figure 67 a and b, the force vs. displacement is shown for EVA tubes of 7.9 mm and 9.5
mm outer diameter, respectively, with initial radius of curvature (RoC) of 45 mm, 55 mm, and 65
mm, respectively. From Figure 67, we observe that the displacement required to generate a
particular force increases with decreasing radius of curvature. The tube with a 9.5 mm outer
diameter produces a larger force than the tube with 7.5 mm outer diameter keeping all other
parameters the same. The tube with a 9.5 mm outer diameter exerts a maximum force of

approximately two times that of the tube with a 7.9 mm outer diameter, for all three pre-formed

curvatures.
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Figure 67: Experimentally determined force vs. displacement for: (a) 7.9 mm outer diameter and
(b) 9.5 mm outer diameter tube with pre-curved radius of curvature (RoC) of 45 mm, 55 mm,
and 65 mm.
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4.8 Finite Element Model of Outer Tube Deformation

To complement and validate the analytical and experimental results shown in the previous
sections, a finite element model was developed simulating the straightening of a pre-curved EVA
tube. As shown in Figure 68, the pre-curved and initially stress-free tube is confined between two
rigid walls w1l and w2. The left end of the tube is constrained in all six degrees of freedom, while
the right end of the tube is free to move. The surface wl is displaced slowly toward surface w2,

thereby straightening the tube. The force exerted by the tube on surface w2 is determined.

rigid wall #1 (wl)
NNy NN NN RN I NNy N NN N NN RN NN NNy,

displacement (u)

finite element mesh

~

full constraint
P— —

rigid wall #2 (w2)

Figure 68: Schematic of geometry and boundary conditions.

The pre-curved tube geometry was first obtained in 3D (SolidWorks) and meshed using a
commercially available finite element program (Hypermesh). Stress and strain as a function of
displacement were then obtained using an explicit transient solver (LS-DYNA). All three software
packages are commercially available. The mesh for the pre-curved tubes utilized approximately
70,000 8-node quadrilateral elements. Both the linear material model and the nonlinear Mooney
Rivlin model were used, with material parameters determined from the experimental results of

section 4.7. The initial position of the tube (see Figure 68 and Figure 69a) corresponds to the case
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that the insertion rod is completely removed, while the final position of the tube in Figure 69c
corresponds to the case that the (rigid) insertion rod is fully inserted in the EDD. The deformation
of a tube being straightened by two rigid walls is physically comparable to the tube being
straightened by a rigid inner rod. Clearly, our model contains the extreme limiting cases occurring
during use of the EDD during the procedure. Figure 69a-c show the von Mises stress along the
length of the tube for the initial, intermediate, and final position of the rigid wall wl. From Figure
69, we observe that the von Mises stress varies significantly along the length of the tube. As
expected, the largest von Mises stresses occur furthest away from the neutral axis in the y direction.

Figure 70 shows force vs. displacement and von Mises stress vs. displacement of pre-
curved EVA tubes using the Mooney Rivlin constitutive equation. We observe that the force
increases as the displacement increases for all tubes. We also observe that tubes with a smaller
radius of curvature have a larger maximum force. In addition, we observe that the force and the
maximum von Mises stress increases as the area moment increases. The maximum von Mises
stress varies only a small amount for tubes having different radii of curvature keeping all other
parameters constant. On the other hand, tubes with smaller radius of curvature have a larger final
value of the von Mises stress, because they deflect a larger total distance compared to the tubes
with larger radii of curvature, similar to the trend observed for the simulated force. The numerical
results provide insight into the effect of design parameters of the tube on the mechanical
performance of the EDD tube. By changing the cross section and the radius of curvature, the force
applied against the esophageal wall can vary significantly and, in some cases, the stress can exceed

the elastic limit.
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Figure 69: The von Mises stress distribution along the length of the tube during its deflection.
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Figure 70: The finite element results for the (a) force vs. displacement and (b) maximum von
Mises stress vs. displacement using the nonlinear Mooney Rivlin material model.
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Figure 71: Comparison of (a) force vs. displacement and (b) maximum von Mises stress vs.
displacement for linear and nonlinear Mooney Rivlin material models (7.9 mm diameter tubes).
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In Figure 71, the von Mises stress vs. displacement is shown including the comparison
between the linear and the nonlinear material models in the simulation. As expected, for small
values of displacement there is only a small difference in the calculated values of the force and the
maximum von Mises stress for the two models. As the displacement increases, the differences
become more pronounced. The linear model overestimates the values of the force and the
maximum von Mises stress for a given amount of displacement.

The cross-section of the EDD outer tube before and after deformation was analyzed using
the simulation described above. Results are illustrated in Figure 72 and Figure 73, and reveal that
the neutral axis does indeed shift away from the centroidal axis as assumed in the analytical section.
The figures also show that the inner and outer diameter do not significantly change during bending.
If a thinner outer tube wall was implemented, or a more compliant material was chosen, this
assumption may no longer apply. This finite element result validates those assumptions found in

the mathematical analysis by clearly showing the deformation and stress distribution.

118



4.060e+06

3.654e+06
3.248e+06 _

2.842e+06 _

2.436e+406 _
Dist=7.88mm 2.030e+06 _
1.6240+406 _

1218406 _
8.121e+05
4.060e+05
0.000e+00 _|

Von Mises

Stress [Pa]
4.060e+06

Q ™ 3.6540006]
3.248e+06 _
‘ 2.842e+06 _

2.436e+06 _
Dist=4.74mm 20300408 _
1.624e+06 _

1.218e+06 _
8.121e+05
4.060e+05
0.000e+00 _|

Dist=4.78mm§

Figure 72: Cross-section analysis measuring vertical distance for outer and inner diameters.
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Figure 73: Cross-section analysis measuring horizontal distance for outer and inner diameters.

119



4.9 Ex Vivo Testing of the EDD

In order to fully translate the EDD so that it may be used in a clinical setting, it is important
to understand how the device will perform under more realistic conditions, beyond the bench
testing setup. The human body introduces a complex set of boundary conditions, including that of
the EDD being inserted into a soft flexible esophagus which is connected to the stomach (or lower
esophageal sphincter) and the pharynx on either end while held at body temperature (~37°C).
Following the bench and numerical tests, ex vivo testing introduces new relevant boundary
conditions. Porcine tissue is clamped into a temperature-controlled water bath. An esophageal
deflection device is deployed into the porcine esophagus ex vivo set up. The deflection and applied

force properties for EDDs comprised of varying cross sections and curvatures are investigated.

4.9.1 Ex Vivo EDD Deflection Measurement

Porcine esophagus and stomach tissue have been excised and integrated into the ex vivo
experimental set up shown in Figure 74. Clamping points have been set up in expected locations
for the lower esophageal sphincter on one end and the pharynx for the other. A port is inserted into
the wall of the water bath providing access to the inner esophageal lumen. A temperature controller
holds the water bath at 37°C, or body temperature, for the duration of the experiments. A camera

is placed above the set up to optically measure deflection.
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Figure 74: Experimental setup for ex vivo deflection measurements.
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Figure 75: An EVA EDD Tube used in ex vivo studies.

To study deflection of the esophagus in an ex vivo setting as a function of EDD cross
section and curvature, multiple EDD EVA outer tubes were thermoformed and prepared. Figure
75 shows a typical prepared EDD outer tube with markings for repeatable insertion depths. Three
cross sections were studied (outer diameters of 6.4mm, 7.9mm, and 9.5mm with wall thickness of
1.6mm) as well as three radii of curvature (45mm, 55mm, and 65mm). For each test, the EDD was
assembled by inserting the inner rod into the outer pre-curved tube. The assembled EDD was then
inserted into the porcine esophageal lumen through the wall port. Once positioned, the inner rod

was retracted, allowing the outer tube to re-assume its predefined curvature. Deflection was
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measured optically. Finally, the inner rod was re-inserted, and the assembled device was pulled
from the esophagus. The procedure was repeated three times for each tube cross section and

curvature setting.

(©)

Figure 76: Photographs of esophagus deflection during test with (a) no deflection, (b) deflection
using a tube with 65mm radius of curvature, (c) deflection using a tube with 45mm radius of
curvature.
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Figure 76 illustrates the esophagus (a) without deflection, (b) using a deployed EDD with
a 65mm radius of pre-curvature, and (c) using a deployed EDD with a 45mm radius of pre-
curvature. Deflection is clearly visible in the photographs provided and MATLAB image
processing techniques were implemented to automatically measure deflection with the varying
EDD parameters.

Figure 77(a) shows deflection as a function of EDD outer tube radius of curvature.
Deflection increases as the radius of curvature decreases. The data shows between a 3-3.5 cm
deflection for the EDDs with a 45mm radius of curvature and a 1.7-2.3cm deflection for the EDDs
with a 65mm radius of curvature. Figure 77(b) shows deflection as a function of EDD cross section.

Deflection varies insignificantly as a function of EDD outer tube cross section.
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Figure 77: Experimental results for the (a) measured deflection as a function of the (a) radius of
curvature and (b) cross section outer diameter for the inserted tubes.
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4.9.2 Ex Vivo EDD Force Measurements

The experimental setup described in the previous section was modified to measure the force
exerted on the esophagus from the outer tube re-assuming its pre-curved geometry in the ex vivo
environment. Figure 78 shows the porcine esophagus tissue clamped into place and submerged
into temperature regulated water. A load cell is mounted to a support structure and attached to an
extendable bar with a flat surface on the end. The flat surface is lowered into contact with the

esophagus, while the esophagus is in its undeflected state.
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Linear Actuator Porcine
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Deflection
Device
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Figure 78: Experimental setup for ex vivo force measurements.
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Figure 79: Experimental results for the measured force as (a) function of the radius of curvature
for the inserted tubes and (b) a function of cross section outer diameter for the inserted tubes.
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Figure 79 shows the forces against the flat surface for EDD tubes with (a) varying radii of
curvature from 45mm to 65mm and (b) varying cross section outer diameter from 6.4mm to 9.5mm.
Similar to the previous analysis, the absolute value of the force decreases as the radius of curvature

increases and the absolute value of the force increases as the cross section outer diameter increases.

4.10Discussion and Conclusions

The design parameters of the Esophageal Deflection Device (EDD) strongly influence the
performance of the device. The EDD tube exerts forces along the esophageal wall after the
insertion rod is removed, thereby deflecting the esophagus. In this paper, the performance of the
esophageal deflection device has been studied analytically by evaluating the nonlinear
displacements of pre-curved EVA tubes under the action of applied moments. In addition, the
displacement of pre-curved EVA tubes has been investigated experimentally using an actuator that
applied a known displacement on the tube. Finally, we have simulated the deformation of EVA
tubes using finite element analysis. The results from the theoretical, numerical and experimental
analysis show that material properties and design parameters such as the radius of curvature of the
tube and the cross section of the tube determine the deformation of the tube as well as the internal
stresses and strains while the initially curved tube is straightened.

The hyperelastic (Mooney-Rivlin) constitutive model, investigated in section 4.5, proved
to be of importance in both the analytical and numerical studies. In particular, we observed that an
increase in the change of curvature causes the predictions from the linear and nonlinear material
models to differ significantly. For the tubes used in this study, the differences became noticeable

at an approximate change in curvature of 15 m™!. Additional parameters not studied in this paper
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may affect the performance characteristics and constitutive equation when the medical device is
used clinically. These parameters include viscoelastic effects, as well as thermoelastic effects. A
material with a slower response in releasing its strain energy may make the device easier and safer
to use. Temperature of the human body as opposed to room temperature of the experiment, can
make the device less stiff and, in turn, prevent the device from effectively moving the esophagus.
The constitutive equation for the EDD tube material, EVA, needs to be investigated at elevated
temperature conditions.

In our analytical evaluation, the curvature remained circular, and the tube cross section
remained circular as the tube straightened. The numerical model relaxed those geometrical
constraints. Similar results were obtained numerically, but it is clear that the geometric non-
linearity observed in the numerical study can affect the stress distribution both along the tube
length as well as across the cross section.

In the analytical model, the tube deformation was investigated by changing the curvature
due to applied end moments until the tube was straightened. In the experimental and numerical
analysis, the tube deformation was investigated by confining the tube between two rigid walls,
with one of the walls moving towards the other surface, in order to straighten the tube. The applied
boundary conditions are important for understanding the stress and strain states in the tube and to
provide a resulting moment or force, but they do not reveal the effects on the esophageal soft tissue
and the body tissue surrounding it. Further experimental and numerical studies should include
changing of boundary conditions to address worst-case scenarios and extreme anatomical
conditions. With the aim of moving the esophagus safely and reliably, it would be desirable to
enhance the model and investigate the interactions of the tube with the soft tissue. Future ex vivo

studies (e.g., using a porcine model) could provide useful results for this application. In all
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investigations, the consideration of how design changes affect patient safety must be of primary
concern.

In summary, the conclusions of our study are as follows.

. The EDD has been designed and manufactured to exert a force on the esophagus
and defect it away from the ablation site during the procedure.

. Previous esophageal deflection devices have required expensive and complicated
manufacturing methods [4-6]. A low-cost EVA tube thermoforming process has been implemented

to vary the dimensions of the EDD tube curvature and cross section.

. Previously published properties for the EVA tube material, shown in Table 5, are
inadequate for modeling the constitutive response during deformation of the EDD due to the large

deformation states that are beyond the linear elastic range (>1%).

. Uniaxial tensile tests were performed on the specific EVA formulation provided by
the supplier and after thermoforming. We observe that the EVA tube material is hyperelastic with
estimated Mooney Rivlin parameters C1 = —27.4 MPa and C> = 36.2 MPa. In the range of
infinitesimal strain, EVA can be modeled as a linearly elastic material with a modulus of elasticity

E=52.8 MPa.

. Moment curvature and stress curvature relationships were determined analytically
using both linear and nonlinear constitutive equations. The analytical approach reveals a direct
relationship between design features and product performance including the effect of curvature,
cross section, and radial location on applied moment and stresses. Maximum stress values for one
proposed design in a straightened state were found to be omax" = 3.28 MPa and omax = 5.65 MPa,

respectively, indicating a small amount of plastic deformation.
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. Experimental measurements of the force exerted by the tube during straightening
range from 0 to 14 N. The force was shown to depend on the deformation state during straightening

as well as the initial radius of curvature and cross section of the tube.

. A numerical model, incorporating linear and nonlinear material models, was
developed using finite element analysis to simulate the deformation of pre-curved tubes and
determine the stress strain behavior of the pre-curved tubes in the EDD. This model can be

extended to evaluate different geometries, materials, or boundary conditions.

. The analytical and numerical model revealed levels of von Mises stress beyond the
elastic limit. Those limits should be avoided when finalizing the EDD design to prevent plastic
deformation.

. Significant differences between the tube deformation predictions based on linear
and nonlinear material models occurred at a large change in curvature (> 15m™!) for both the
analytical and numerical studies. A non-linear material model is necessary to accurately model the

expected deformation of the EDD.

. Ex vivo studies were performed to provide a more realistic setting for how the EDD
will operate. Force results were lower due to different boundary conditions including esophagus
contact points and higher environmental temperature. The higher environmental temperature

resulted in some softening of the EVA material. This should be studied further.

. Additional studies should be undertaken to investigate the performance of the
device during ex-vivo and in-vivo testing, including a more detailed and accurate description of
the interactions of the device with surrounding soft tissue at body temperature. Patient safety is of

upmost importance when translating this device for clinical use.

128



Chapter 4, in part, is a reprint of the materials as they appear in “Design of an esophageal
deflection device for use during atrial ablation procedures.” Morris, K., Lubarda, V.A., Talke, F.E.
Journal of Materials Research and Technology, 9(6) pp. 13801-12, 2020. The dissertation author

was the primary investigator and author of this patent publication.

References

[1] Chugh S.S., Havmoeller R., Narayanan K., Singh D., Rienstra M., Benjamin E.J., et al.
Worldwide Epidemiology of Atrial Fibrillation: A Global Burden of Disease 2010 Study.
Circulation. 2013;129(8):83747. https://doi.org/10.1161/CIRCULATIONAHA.113.005119].

[2] Spragg D., Calkins H. Catheter Ablation for Atrial Fibrillation: Past, Present, and Future. In:
Steinberg JS, Jais P, Calkins H, editors. Practical Guide to Catheter Ablation of Atrial Fibrillation.
Hoboken: John Riley & Sons; 2015, p. 715. https://doi.org/10.1002/9781118658369.ch02.

[3] Kaneshiro T., Matsumoto Y., Hijioka N., Nodera M., Yamada S., Kamioka M., et al. Distinct
Forms of Esophageal Lesions After Radiofrequency and Cryoballoon Pulmonary Vein Isolation.
JACC: Clinical Electrophysiology. 2018;4(12):1642-3
https://doi.org/10.1016/j.jacep.2018.08.006.

[4] Elkhatib 1., Syed F., Krinsky M.L., Savides T.J., Feld G. Endoscopic Mechanical Displacement
of the Esophagus During Atrial Fibrillation Catheter Ablation. Gastrointestinal Endoscopy.
2014;79(5):AB51112. https://doi.org/10.1016/j.gie.2014.02.806.

[5] Koruth J.S., Reddy V.Y., Miller M.A., Patel K.K., Coey J.O., Fischer A., et al. Mechanical
Esophageal Displacement during Catheter Ablation for Atrial Fibrillation. Journal of
Cardiovascular  Electrophysiology. 2012;23(2):14754. https://doi.org/10.1111/5.1540-
8167.2011.02162.x 15.

[6] Parikh V., Swarup V., Hantla J., Vuddanda V., Dar T., Yarlagadda B., et al. Feasibility, Safety,
and Efficacy of a Novel Preshaped Nitinol Esophageal Deviator to Successfully Deflect the
Esophagus and Ablate Left Atrium without Esophageal Temperature Rise during Atrial
Fibrillation Ablation: The DEFLECT GUT Study. Heart Rhythm. 2018;15(9):132127.
https://doi.org/10.1016/j.hrthm.2018.04.017.

[7] Morris K., Savides T., Feld G., Seo Y., Fu Y., Talke F.E. Esophageal Deflection Device,
Published Patent (Pending) 2020; US 2020/0029822.

129



[8] Garner S., Morris K., Pegan R., Savides T.J., and Talke F.E. Development of a Luminal
Esophageal Temperature Monitoring Device for Use During Treatment for Atrial Fibrillation. In:
American Society for Mechanical Engineers, organizer. Proceedings of the ASME-JSME 2018
Joint International Conference on Information Storage and Processing Systems and
Micromechatronics for Information and Precision Equipment; 2018 Aug 2930, San Francisco,
USA. p. 13 https://doi.org/10.1115/ISPS-MIPE2018-8578.

[9] Garner S. Development of A Luminal Esophageal Temperature Monitoring Device for Use
During Treatment of Atrial Fibrillation. [M.Sc. Dissertation]. La Jolla: University of California,
San Diego; 2018.

[10] Morimoto T.K.., Greer J.D., Hawkes, E.W., Hsiech M.H., Okamura, A.M. Toward the Design
of Personalized Continuum Surgical Robots. Annals of Biomedical Engineering. 2018;46:152233.
https://doi.org/10.1007/s10439-018-2062-2.

[11] Webster R.J., Okamura A.M., Cowan N.J. Toward Active Cannulas: Miniature Snake-like
Surgical Robots. In: Institute of Electrical and Electronics Engineers, organizer. Proceedings of
the IEEE/RSJ International Conference on Intelligent Robots and Systems; 2006 Oct 915, Beijing,
China. p. 285763. https://doi.org/10.1109/IR0OS.2006.282073.

[12] Rucker D.C., Jones B.A., Webster R.J. A Geometrically Exact Model for Externally Loaded
Concentric- Tube Continuum Robots. IEEE Transactions on Robotics. 2010;26(5):76980.
https://doi.org/10.1109/TR0O.2010.2062570.

[13] Antman S.S. Nonlinear Problems of Elasticity. 2nd. ed. New York: Springer; 2005.
https://doi.org/10.1007/0-387-27649-1.

[14] Baek C., Yoon K., Kim D. Finite Element Modeling of Concentric Tube Continuum Robots.
Structural Engineering and Mechanics. 2016;57(5):80921.
https://doi.org/10.12989/sem.2016.57.5.8009.

[15] Morimoto T.K., Okamura A.M. Design of 3-D Printed Concentric Tube Robots. IEEE
Transactions on Robotics. 2016;32(6):141930. https://doi.org/10.1109/TR0O.2016.2602368.

[16] Biase L.D., Saenz L.C., Burkhardt D.J., Vacca M., Elayi C.S., Barrett C.D., et al. Esophageal
Capsule Endoscopy after Radio frequency Catheter Ablation for Atrial Fibrillation: Documented
Higher Risk of Luminal Esophageal Damage with General Anesthesia as Compared with
Conscious Sedation. Circulation: Arrhythmia and Electrophysiology. 2009;2(2):10812.
https://doi.org/10.1161/CIRCEP.108.815266.

[17] Zhang P., Zhang Y.Y., Ye Q., Jiang R.H., Liu Q., Ye Y., Wu J.G., Sheng X., Fu G.S., Cha
Y.M.,, Jiang C.Y. Characteristics of Atrial Fibrillation Patients Suffering Esophageal Injury Caused

130



by Ablation for Atrial Fibrillation. Scientific Reports. 2020;10:2751.
https://doi.org/10.1038/s41598-020-59539-6.

[18] Berjano E.J., Hornero F. What Affects Esophageal Injury during Radiofrequency Ablation of
the Left Atrium? An Engineering Study Based on Finite-Element Analysis. Physiological
Measurement. 2005; 26(5):83748. https://doi.org/10.1088/0967-3334/26/5/020.

[19] Liao D., Frekjer J.B., Yang J., Zhao J., Drewes A.M., Gilja O.H., Gregersen H. Three-
Dimensional Surface Model Analysis in the Gastrointestinal Tract. World Journal of
Gastroenterology. 2006;12(19):287075. https://doi.org/10.3748/wjg.v12.118.2870.

[20] Jernigan S.R., Buckner G.D., Eischen J.W., Cormier D.R. Finite Element Modeling of the
Left Atrium 16 to Facilitate the Design of an Endoscopic Atrial Retractor. Journal of
Biomechanical Engineering 2007;129(6):825-37. https://doi.org/10.1115/1.2801650.

[21] Natali A.N., Carniel E.L., Gregersen H. Biomechanical Behaviour of Oesophageal Tissues:
Material and Structural Conguration, Experimental Data and Constitutive Analysis. Medical
Engineering and Physics. 2009;31(9):105662. https://doi.org/10.1016/j.medengphy.2009.07.003.

[22] US Food and Drug Administration. Use of International Standard ISO 10993-1, https://
www.fda.gov/downloads/medicaldevices/deviceregulationandguidance/guidancedocuments/ucm
348890; 2020 [accessed 25 March 2020].

[23] Ogden R.W. Nonlinear Elasticity, Anisotropy, Material Stability and Residual Stresses in Soft
Tissue. In: Holzapfel GA, Ogden RW, editors. Vienna, Springer; 2003, p. 65108
https://doi.org/10.1007/978- 3-7091-2736-03.

[24] Lubarda V.A. Elastoplasticity Theory. Boca Raton, CRC Press; 2001.

[25] Morris K.M, Rosenkranz A., Seibert H., Ringel L., Diebels S., Talke F.E. Uniaxial and Biaxial
Testing of 3D Printed Hyperelastic Photopolymers. Journal of Applied Polymer Science.
2019;48400. https://doi.org/10.1002/app.48400.

131



Chapter 5 Temperature Measurement
in the Esophagus during Ablation

Procedures

5.1 Introduction

Human heart tissue is damaged irreversibly at temperatures higher than 50°C, i.e., at
temperatures of approximately 13°C above body temperature [1]. In catheter ablation procedures,
the application of heat to the left atrial tissue can lead to heating of the esophageal tissue [2], since
the esophagus is in close proximity to the heart (see Figure 80). Heating can produce lesions or
ulcerations on the esophagus tissue and, in the worst case, lead to the formation of a so-called
atrioesophageal fistula [3,4]. Atrioesophageal fistulae have a high mortality rate [4]. To prevent
thermal damage of the esophagus, it is important to measure the temperature of the esophageal

tissue during an ablation procedure and stop the procedure when a critical temperature is reached.
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Esophage
Wall

Figure 80: The esophagus being heated during cardiac ablation procedures.

To accomplish the measurement of the luminal esophageal temperature (LET), it is
necessary to insert temperature probes into the esophagus through the nose or the mouth [4, 5]. It
has been shown by [2] that an increase of the inner esophageal wall temperature above 40°C
corresponds to the development of thermal lesions in the esophagus. To avoid thermal lesions,
medical doctors will, in general, stop the ablation procedure once the esophagus temperature
measurement device indicates a rise in temperature greater than ~1°C above body temperature.
The medical clinicians may attempt ablation again or aim to move the esophagus away from its
position adjacent to the heart. The design of esophagus temperature probes, including the
placement of the sensors, is a complicated design problem and requires the understanding of heat
transfer in human tissue to prevent thermal damage.

A number of temperature measurement devices have been designed and are commercially

available. A typical example is the Circa S-Cath® catheter that is used for esophageal temperature
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measurement [5] (see Figure 81). The device has twelve sensors positioned along its length and
can be inserted into the esophagus through the mouth. After insertion, a wire can be pulled from
the device to allow the catheter to attain a sinusoidal shape pushing the sensors against the
esophagus inner wall (Figure 81). The temperature sensors are labeled in Figure 81 and placed

incrementally along the sinusoidal catheter.

Straightening Wire
' g /g Temperature Sensors
i TH "

S-Cath Catheter

(a) (b)

Figure 81: (a) Circa S-Cath with pulled straightening wire, and (b) Circa S-Cath temperature
sensor array [6].

To obtain reliable temperature measurements the sensors must be positioned against the
inner esophageal wall and against the part of the esophageal tissue that is closest to the ablation
site. In this chapter, we discuss the combination of the esophageal deflection device (EDD) [7, 8]
and temperature sensors. A new medical device design is discussed which incorporates the EDD
with the Circa S-Cath. Using newly designed temperature sensor arrays adhered to a flexible
silicone sheet, the effect of thermal sensor placement on the measurement of the esophagus

temperature is studied experimentally.
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5.2 Esophageal Deflection Device with Temperature

Sensors

In order to reliably sense the inner esophageal wall temperature during cardiac ablation
procedures, incorporation of temperature sensors in the esophageal deflection device (EDD) is
proposed. The EDD can be manufactured to include temperature sensors. Several advantages are
present if the EDD incorporates its own temperature sensing technology, as opposed to using a
separate device. It can be more difficult on the medical practitioner to introduce and use multiple
devices. The devices can conflict with one another, for example, if the EDD blocks the thermal
sensors from measuring at the ideal location. Figure 82a shows the precurved outer tube of the
EDD described in [7, 8], as well as the Circa S-Cath device. The S-Cath protrudes out of the trailing
edge of the device, on the side of the EDD which is most likely to be closer to the left atrium

ablation site.

Figure 82: (a) Modified EDD combined with Circa Scientific S-Cath Device and (b) Circa S-
Cath monitor with measurement sensing system next to Modified EDD combined with Circa
Scientific S-Cath Device.
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Figure 82b shows the combined EDD and S-Cath as well as the commercially available
Circa monitoring system. The bar chart on the monitoring system shows each temperature sensor
measurement and, once one sensor detects a temperature above a specified value, the monitoring
system will sound an alarm and flash.

The sensors position plays an important role in the devices ability to detect temperature
rise. In order to optimize the thermal sensing of the device, it is necessary to understand the heat

transfer through the atrium and esophagus tissue.

5.3 Background for Tissue Heat Transfer during

Radiofrequency Catheter Ablation

Thermal energy transport through human tissue requires information on the anatomical
structure of the human body, internal and external heat sources, and thermal properties of the tissue.
Important material properties include tissue density, thermal conductivity, and specific heat. The

energy balance equation for heat transfer can be written as:

da d o} da

EQS_ EQg-l_ EQl+ EW (5.1)
where % Qs is the rate of heat energy stored, % Qg is the rate of heat energy gained, % Q, is the

rate of heat energy lost, and % W is the rate of work done by the tissue [7].

The rate of heat energy stored in tissue can be defined as:

d oT
—Qs = pco; (5.2)

where p, ¢, and T are the tissues’ mass density, specific heat, and temperature.
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The rate of heat energy gained or heat energy lost is commonly described through conduction
and convection. Conduction is the transfer of heat through materials while convection is the
transfer of heat between a solid and fluid. Conduction and convection are mathematically defined

by:

% Qg/l (conduction) — % (kx Z_Z;) + % (ky Z_;) + % (kz g_;) (5-3)

d
at Qg/l (convection) — hA(T — Tw) (5.4)

where k,, k,, k, are the thermal conductivity constants, while h is the heat convection coefficient,

A is the surface area between the solid and fluid interaction, and T, is the ambient temperature of
the fluid. If the tissue is thermally isotropic, then k, = k, = k.

A number of models have been developed from the energy balance equation using
conduction and convection components to describe the nature of heat transfer in tissue [9]. The
general Pennes’s Bio-heat transfer (BHT) equation [9, 10] is commonly used in tissue heat transfer
analysis and accounts for tissue thermal conductivity, specific heat, density, arterial blood flow

and metabolic heat generation. The Pennes’s BHT equation is written as:

oT
pc— = V(kVT) + wpc, (T, — T ) + qm (5.5)
where
_a aT a aT a aT
V(VT) == (kx a) + (ky @) +o (kz 5) (5.6)
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and p, c, and k are the tissues’ mass density, specific and thermal conductivity, respectively. T is
the temperature and T, is the temperature of the arterial blood. wjand cjare the mass flow rate and
specific heat of the blood and g, is the metabolic heat generation. Through equation 5.6, it shown
that differences in temperature can cause heat transfer in x-, y-, and z-directions. When measuring
temperature rise on the esophagus wall, it is useful to measure longitudinally along the esophagus
as well as circumferentially. Similarly, when modeling heat transfer in the esophagus and atrial
tissue, a 3-dimensional model is preferred, so that any non-uniformity in the x-, y-, and z-

directions could be modelled and the temperature changes in each direction can be evaluated.

5.3.1 Radiofrequency Catheters and Additional

Heat Transfer Effects

For this study, an additional heat source term g is necessary to represent heat generating

from a radiofrequency ablation catheter. A typical cardiac RF ablation catheter is shown in Figure

83 [11].

Tip Electrode 3 “mini” electrodes

(8mm diameter) Open Irrigation ! \
\ Ports

4

Figure 83: Typical cardiac RF ablation catheter. Figure modified from [11].
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RF ablation catheters are used in other medical areas, as, for example, in gastroenterology
[12], oncology [13], and pain management [14]. Figure 84 shows different applications of RF

ablation to heat tissue rapidly.

Figure 84: Radiofrequency ablation in use to treat a) an esophageal condition (Barrett’s
esophagus) [12], b) a malign tumor in the liver [13], ¢) pain caused by nerves in the spinal cord
[14].

The ablation catheter contacts the tissue and applies electrical currents oscillating at
radiofrequencies (~500MHz). Due to the high current density in the adjacent tissue, resistive
heating occurs. The defining equation for g5 from an RF ablation catheter, as detailed in [15,16]
is written as:

qrs = 0 (VD)? (5.8)
where gy is a function of the electrical conductivity o and the electrical potential @. The electrical
field intensity is strongest near the catheter tip and disperses through the human body toward a
ground pad usually located nearby on the patient’s skin. A schematic is shown in Figure 84a

illustrating the radiofrequency ablation setup including a ground pad.
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Figure 85: (a) Illustration of RF ablation set up including ground pad and (b) schematic showing
positive and negative charged ions moving dependent on RF current [17]

Figure 85b illustrates the desirable movement of ions within the tissue (i.e., Na*, K*, CI),
which is dependent on the radiofrequency electrical potential including magnitude and direction
(or polarization). As the ions rapidly move, Joule heating (or resistive heating) occurs due to
friction. The heat generated is the highest through Joule heating (mathematically described with
equation 5.8). Joule heat generation is the strongest near the electrode tip of the catheter.

As RF catheters come into contact with the atrial tissue, there may be other effects heating
or cooling the catheter electrode tip and the surrounding tissue. Figure 86 shows several potential
effects driven by blood flow and irrigation fluids. The irrigation fluids, such as saline liquid, can
be designed to cool the catheter tip through internal cooling, or cool the catheter tip and the

surrounding material and tissue through external cooling.
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A. Closed Loop Catheter B. Open Irrigation Catheter

Lumen for Central
5% Dextrose Lumen
‘A Circulation for Saline
36 mi/min Infusion
(0.9% NaCl)
17 mi/min

Thermocouple

7Fr, 4 mm 75Fr, 35 mm Holes
Electrode Electrode (0.4 mm)

Figure 86: Example of two Cardiac RF Ablation Catheters with (a) closed loop internal cooling
and (b) internal cooling and open irrigation external cooling [18].

Also shown in Figure 86 is the direction of blood in the atrial chamber. Blood flow in the
arteries and metabolic heat generation shown in the BHT equation are negligible when compared
to the RF heat source [19]. However, the convective heat transfer at the atrial wall should also be
considered. The pulsatile blood flow velocity can range between 0.1 m/s and 0.5 m/s. It varies
significantly with the location in the heart [18,20]. As the temperature difference increases between
the blood and the heated tissue, the effect of heat transfer from the tissue to the blood proportionally

increases. The equation for heat transfer gy, at blood-atrium interface is

abs = hpr AT = Tpio0a) (5.7)
where hy ¢ is the convective constant for blood flow on the inner atrial wall and Tp404 is the

temperature of the blood. These terms could be extended to include catheter irrigation fluids.
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After incorporating the terms for the RF ablation heat source and the atrial wall convection,
and dismissing the terms for arterial blood flow and metabolic heat generation, the modified bio-

heat transfer equation is given as:

pc2t = V(VT) + hyA(T = Tyiooq) + 0(V8)? (5.9)

where the last term denotes the effect of the radiofrequency heat source.

An RF ablation catheter with some common technical specifications is shown in Figure 87
[21]. An important feature on current RF ablation catheters is the temperature sensors, e.g., “3x
Distal Thermocouples”, located at the contact point between the RF electrode and the atrial tissue.

This temperature is monitored throughout the procedure.

1.2.0mm ) H » n n

2.3.5mm

3.4.1mm
4. 3x Distal Thermocouples n a
5. 6xIrrigation Ports

6. Distal RF Electrode — 0.6 mm

1
7. Distal Diamond — 0.5 mm B
8. Proximal RF Electrode — 3.0 mm
9. 3x Proximal Thermocouples n
10. Proximal Diamond

11. Distal Ring Electrode
12. Proximal Ring Electrode

Figure 87: Current RF Ablation catheter with specifications [21]
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Figure 88: Lesion depth from RF catheter ablation as a function of a) tip temperature
(tissue/electrode interface), b) power, c) current, and d) energy [22,23]

Figure 88a plots the lesion depth as a function of tip temperature experimentally using RF
ablation on canine right ventricular tissue [22,23]. Figure 88b-c similarly plots the lesion depth as
a function of power, current, and energy. The 4 parameters are measured and available to the
cardiac electrophysiologist during the procedure, but the lesion depth is uncertain at any point in
time. During RF ablation, there are a number of additional factors including, for example, tissue
damage, scarring, catheter heating, and contact force between the catheter and tissue, that can
complicate how much heat is generated and at what depth [22,23].

In this thesis, a first-order experimental study has been performed to understand heat

transfer through esophagus and heart tissue. To simplify the complexity of RF heat generation, a
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constant-temperature heat source was used in the experiment. With this our heat transfer equation

simplifies to:

d
pcss = VYT + hyrAT = Tyiooq) (5.10)

where boundary conditions can be adjusted according to the temperature of the heat source. The
experiments investigating heat transfer across atrial and esophageal tissue are described in the

following sections.

5.4 Experimental Study — Linear (1D) Temperature

Sensor Array

An experimental study was conducted ex vivo to measure the temperature on the inner
esophagus wall after heat was supplied to adjacent atrial tissue [24,25]. A schematic of this study
is shown in Figure 89. With a constant temperature heat source on the atrial wall and a linear,
discrete set of temperature sensors on the inner esophageal wall, temperature can be monitored
spatially (1D), away from the heat source, and temporally during and after the application of a heat

source. Flow of blood or liquid is not considered in this experiment.
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Figure 89: Schematic of heat transfer caused by catheter ablation in the left atrium with heat
transfer affecting the esophagus

Temperature sensors (10kQ) NTC thermistors) were attached to a flexible silicone surface
to measure the 1D (in-line) temperature distribution as heat is transferred from the inner atrial wall
to the inner esophageal wall (see Figure 90). A linear sensor array, similar to the one shown in

Figure 90, can be attached to the esophageal deflection device [24,25].
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Figure 90: Linear temperature sensors adhered to silicone sheet and a schematic of experimental
setup with linear temperature sensor array, esophagus tissue, heart tissue, and the temperature-
defined heat source.

The temperature sensor array is clamped to the porcine esophageal and atrial tissue layers.
The sensors collected data at approximately 5SHz using a 10-bit ADC microcontroller and
MATLAB software while a heat source was introduced to the inner atrial wall. The heat source
had a metallic contact interface of 8mm diameter and was temperature controlled, i.e., a constant
temperature could be attained.

A typical result for the temperature distribution as a function of time is plotted in Figure
91. The temperature for each of the 11 linearly distributed sensors was measured as a function of
time for approximately 6 minutes. For this experiment, the heat source was introduced at t = 30s
between sensors 5 and 6 (on the atrial wall side). A temperature rise is first observed by sensor 5
approximately 15 seconds after the heat source is activated. Then, shortly thereafter, sensor 6

detects a temperature rise. With an additional delay of approximately 20s, sensor 4 and sensor 7
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also show an increase in temperature. Within 30s, the temperature at sensor 5 rises an additional
13°C beyond the initial 22°C. At 60s, the heat source is removed, and the temperatures begin to

rise less rapidly and then decline.
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Figure 91: Temperature sensor array measurements Linear sensor array and experimental setup
[24, 25]

5.5 Design of 2D Temperature Sensor Array

Figure 92 illustrates an EDD design with incorporated sensors. These sensors can be more
densely arranged in regions of highest interest. Cost and difficulty of manufacturing should be

considered and an optimal number of sensors along with their position is necessary.
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Figure 92: Sensors positioned in 2D (axially and circumferentially) on the proposed esophageal
deflection device [8]

A significant challenge is knowing the location where a temperature rise is likely to occur.
Having a 2D pattern, where temperature sensors can be wrapped around the EDD, is an ideal
approach. In the following section, temperature sensors are positioned in a 2D pattern on a silicone

sheet and tested experimentally, measuring temperatures on the inner esophageal wall.

5.5.1 2D Temperature Sensor Array and Experimental Setup

A 2D temperature sensor array is shown in Figure 93a. 15 NTC thermistors were embedded
into the surface of silicone so that the sensor surface protruded slightly from the flexible substrate.
The center of each sensor is separated by Smm horizontally and by 7.5mm vertically to create the
2D pattern shown. Figure 93b shows the thermistor voltage divider setup, using 4.7kOhm resistors
and an Arduino microcontroller to act as a power source (5V) and an analog to digital convertor
(10bit). The microcontroller communicates temperature data through a serial port at 10Hz to a

local computer.
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Figure 93: (a) 2D pattern for temperature sensor array using NTC thermistors embedded into
silicone surface, (b) mounted 2D temperature sensor array with voltage divider setup and
Arduino microcontroller, and (c) an esophageal deflection device outer tube created from

thermoformed EVA.

An ex vivo experimental study was performed using porcine esophagus and atrial tissue to
test the 2D temperature sensor array. An aluminum cylinder of 8mm diameter was used as the heat
source, together with a flexible polyimide resistive heater element and thermistors to control the
temperature at approximately 50°C. The response of the sensor array to an increase in temperature
was examined by monitoring the tissue temperature. First, a study was performed with an
environmental temperature of approximately 24°C and heat conduction through esophagus tissue
only, through atrial tissue only, and through combined atrial and esophagus tissue. Then, the

combined atrial and esophagus tissue were held underwater in a temperature-controlled bath of

149



approximately 36°C. The experimental setup for the underwater study is shown in Figure 94 with

the atrial and esophageal tissue attached to the 2D sensor array.

Water Heater

Temp-defined

/ Heater Element

/ / Porcine Esophagus

& Atrial Tissue
] Silicone sheet w/

Temperature Sensors

Figure 94: Experimental setup for 2D Temperature Sensor Array

5.5.2 Results

Temperature as a function of time is shown in Figure 95 for temperature sensor 8 (middle
sensor) from three ex vivo experiments. For these experiments, the environmental (air)
temperature was approximately 24°C and three combinations of tissue were tested: (1) atrial (heart)
tissue only, (2) esophagus tissue only, and (3) combined atrial and esophagus tissue. The maximum
temperature observed 60 seconds after initiating contact between the heat source (~50°C) and
tissue was approximately 45°C for experiments with esophagus tissue only and atrial tissue only,
and approximately 35°C for combined atrial and esophagus tissue. For the combined tissue,
temperature sensor § observed an 11°C difference between the initial and final temperature

measurements.

150



50 T T T T T
--A- Esophagus+Heart
Esophagus
48 = wel= = Heart e
- gl
rblﬂ',.ﬂ*i [
1I 4| 7I10I13I N+« pa®
\P"N“\l
_ 40+ zl sl slnlul w 4
@) L
&é 3I el 9I12I15I wh,*‘
3 e
-l K, wdd
g g A TS pn v E
g “ﬂ r*‘“"‘"
-~ S
e 30 - = *“,.Ar -
< .‘ﬂ
* &
~‘~~\9 A“'ii..«**"*“
25-‘#-- w " . -
”n lllIllllA"rr“*
on | 1 1 1 1
0 10 20 30 40 50 60

Time (s)
Figure 95: Temperature sensor data as a function of time for 15 thermistor array.

Temperature as a function of time is shown in Figure 96 for all 15 thermistors in an ex vivo
experiment. For these experiments, the environmental (water) temperature was approximately
36°C. 60 seconds after initiating contact between the heat source (~50°C) and tissue, the maximum
temperature observed was approximately 41°C and detected at T8 (middle temperature sensor).
For these underwater ex vivo conditions, a 5°C difference was observed between the initial and
final temperatures measured by T8. Adjacent temperature sensors, TS and T11, measured 39°C
and 40°C, respectively, 60 seconds after initiating contact. Significant temperature rises were not
observed from any sensor until approximately 10 seconds after initiating contact. Other sensors,

besides TS5, T8, and T11, either showed a further delayed response, or no response at all.
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Figure 96: Temperature sensor data as a function of time for 15 thermistor array.

Figure 97 illustrates similar results as in Figure 96, but at times 0Os, 20s, 40s, and 60s,
respectively. The importance of sensor position and spacing can easily be seen by looking at the
data for 20 seconds into the experiment. Here, only three of the 15 sensors register a temperature
rise, i.e., only the sensors located directly behind the heat source location show a temperature rise.

In fact, even after 60 seconds, several sensors do not yet register a significant temperature rise.
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Figure 97: Spatial temperature distribution for 15 sensors at Os, 20s, 40s and 60s.

The 2D temperature sensor array on a sheet of silicone was used to measure temperature
rise in the x- and y-directions. The importance of sensor position and spacing was revealed through
a number of ex vivo experiments. After 60 seconds, the temperature rise is small even if measuring
directly behind the heat source. If temperature sensors are positioned further away from the heat
source, they are not likely to measure a rise in temperature. This is important information since

medical doctors will stop the procedure once a temperature rise of greater than 1°C is observed.
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Through the use of many temperature sensors, positioned on the surface of an EDD, a
temperature increase can be observed with sufficient resolution and accuracy. The number of
sensors that can be used is limited by cost and manufacturing restrictions. Sensor position can be
further optimized using thermal mapping techniques and materials with increased thermal

conductivity.

5.6 Summary

Thermal damage of the esophagus is a significant problem during ablation procedures. As
an EDD is used to protect the esophagus from thermal damage, it is important to observe the inner
esophagus walls for an undesirable temperature increase. Heat transfer through the esophagus and
atrial tissue was investigated. A 2D temperature sensor array positioned onto a silicone sheet can
be wrapped around the EDD to monitor temperature rise and heat transfer between the different
layers of tissue. The sensor array was tested experimentally, ex vivo, using porcine tissue. Results
showed an increase in temperature on the inner esophagus wall after a heat source was applied to
the atrial tissue. The spatial temperature distribution was captured with the sensor array. The
response of the temperature sensor depends on its position relative to the heat source.

In this experimental study, the temperatures of the inner esophageal wall were investigated.
It is important to know the expected temperature difference between the inner and outer esophagus
wall. It is also important to evaluate how the heat transfer can be affected by changes in geometry,
material, or boundary conditions (e.g., the heat source). To evaluate these parameters, we develop
in the next chapter a numerical model for the heat transfer between a heat source and esophagus

and heart tissue.
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Chapter 5, in part are a reprint of the materials as they appear in “Experimental and
Numerical Investigation of Heat Transfer through Porcine Heart and Esophageal Tissue” Morris,
K., Hu, S., Kohanfars, M., and Talke, F.E., Proceedings for ASME 2021 Conference on

Information Storage and Processing Systems. Online Virtual. June 2-3, 2021.
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Chapter 6 Numerical Simulation of
Heat Transfer in the Left Atrium and

Esophagus

6.1 Introduction

Numerical simulations have previously been performed to study the heat transfer during
cardiac ablation procedures. Berjano and Hornero [1] modeled the tissue heat transfer using
ANSYS, a commercially available finite element software. Their model explored effects of
geometric and heat source parameters on the temperature distribution within the atrial tissue as a
function of time. Their work laid the foundation to explore how thermal injury to the esophagus
can occur [2]. Berjano [3] reviewed the field of ablation modeling and discussed the challenges
that need to be addressed in future research. Berjano and Hornero [4] simulated numerically how
a cooled balloon placed in the esophagus could help prevent thermal injury. Perez et al. [5]
investigated how temperature probes in the esophagus could affect heating due to radiofrequency
(RF) interactions with the thermistors. Gonzalez-Suérez explored how the use of open-irrigated
catheters can affect the flow field [6].

In this chapter, we develop a finite element model for the heat transfer from the left atrium

to the inner esophagus wall based off of our experimental investigation of thermal sensing on the
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inner esophagus wall where the temperature sensors will be positioned. We investigate the
temperature distribution through the tissue and study the optimum position of temperature sensors
on the inner esophagus wall. We investigate how convection affects the temperature rise through
the heart and esophagus tissue. Additionally, we study the effects of ramping of the heat source
temperature.

The primary objective of the esophageal deflection and thermal monitoring device is to
prevent thermal injury of the esophagus. The results of the heat transfer simulations are useful for

optimizing the layout of the temperature sensors on the esophageal deflection device (EDD).

6.2 Finite Element Model

LS-DYNA is a commercially available software. It supports a transient finite element
solver for 3D heat transfer problems. This software is ideal for investigating the heat transfer
through heart and esophagus tissue. LS-DYNA uses implicit methods for the solution of the heat
equation described in the previous chapter [7]. The Galerkin formulation for the transient heat
conduction equation, shown in equation 7.1, is used in LS-DYNA together with the implicit time
stepping Crank Nicolson Method. The first term in eq. 7.1 describes the change in internal energy.
The second term describes the heat flux in and out of a volume element. The third term describes
the energy generation inside the volume element while the last and final term describes the energy

transfer at the surface.
aT

The terms w; denote the shape functions which are identical to the weight functions.
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Figure 98 shows the geometry of the esophagus tissue thickness teso, left atrium tissue
thickness tny, the diameter Dy and depth dj,; of the heat source. L, is the width and Lj, is the
height of the tissues being considered. The model for the heat transfer between the ablation catheter
and the inner esophagus considers two tissue layers (heart and esophagus tissue) with the ablator
on the inner atrial wall while the temperature sensors are on the inner esophagus wall. The model
was designed using SolidWorks (commercially available software). The model was then meshed,
material models were chosen, and boundary conditions were applied using Hypermesh
(commercially available software). The mesh consisted of approximately 25,000 3D 8-node brick
elements. A set of nodes on or in the heart tissue surface were defined as the ablation heat source,

where a constant temperature was defined.
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Figure 98: Esophagus and heart tissue layer geometry with heat source contact geometry.

Biological tissue, e.g., esophagus and heart tissue, has anisotropic thermal conductivity [8].
However, in this study, the heart tissue and esophagus tissue were assumed to be thermally
isotropic. Material properties such as density, specific heat, and thermal conductivity are required

for the esophagus and heart tissue. These properties are shown in Table 6 [9]. LS-DYNA supports
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material models that incorporate thermo-elastic-plastic properties, as many stress-strain
constitutive models depend on temperature [10]. In this study, we focus on the heat transfer aspects
of the tissue and ignore the mechanical stress and strain effects of the modelled tissue. An initial
temperature was set for all nodes, at 37°C. The radiofrequency ablation catheter was modeled as
a circular area of 8mm diameter. The applied temperatures were nominally set at 75°C for the

specified heat source nodes.

Table 6: Material Parameters for Heart and Esophagus Tissue [9]

Tissue Material Density, p | Thermal Conductivity, k | Specific Heat Capacity, c
kg w ]
<F) <m*K> <kg*K)
Heart (Left Atrium) 1200 0.7 3200
Esophagus 1000 0.4 3700

The temperature distribution between the inner and outer esophageal lumen was
investigated as a function of heat source temperature and location, tissue material properties and
time. The resulting heat transfer and temperature distribution profiles allow the designer to make

design decisions about the placement of the temperature sensors.

6.3 Tissue with Heat Conduction

Heat conduction is the primary contributor of heat transfer for the ablation problem we are
investigating. Heat is conducted from the ablation tip of the ablator to the surrounding atrial and
esophageal tissue (see Figure 98). In this section, we consider conduction only, i.e., heat transfer

from the blood flow in the left atrium is neglected. This corresponds to our experimental set up
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discussed in chapter 5 (see Figure 90). In the following section, we include heat convection and

study the combined effect of conduction and convection.
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Figure 99: Esophagus and heart tissue layer geometry with heat source and conduction heat
transfer.

The finite element model was initiated with all nodes set at body temperature of 37°C. The
ablation tip is modelled as a circular area of 8mm diameter on the surface (d,s = 0) of the heart
tissue (see Figure 99) at a constant temperature of 75°C. We first consider the case of heat
conduction only, where blood flow is neglected. This corresponds to two of the three experimental
set ups in Chapter 5. Figure 100a shows the temperature distribution of the cross section of the

heart and esophagus tissue 30 seconds after the start of ablation. Figure 100b shows the
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temperature distribution on the outer esophagus wall (equivalent to the outer atrial wall) and the

inner esophagus wall (where the temperature sensors should ideally be positioned).
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Figure 100: Temperature distribution 30s into ablation simulation with a constant temperature of
75°C applied on an 8mm diameter area of the inner atrial wall.
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Figure 101: Maximum temperature on the inner and outer esophagus walls as a function of time.

Figure 101 shows the maximum temperature on the inner and outer esophagus walls as a
function of time. We observe that the esophagus temperature reaches nearly 51°C (a rise of 14°C)
after only 60 seconds. A rise of 1°C is not observed on the inner esophagus wall until
approximately 15 seconds into the simulation. At a temperature rise of 1°C, if measured by the
esophagus temperature probe, a medical doctor will stop the ablation procedure out of concern for
esophageal damage. A temperature difference of approximately 5°C between the outer and inner
esophagus is observed after 60 seconds.

Figure 102 shows the predicted temperatures at the inner esophagus wall for a position at
the center of the heat source, Smm off center of the heat source, and 10mm off center of the heat
source. These are potential locations for temperature sensors. If placed 10mm off center, a sensor
may not detect a 1°C rise until nearly 60 seconds into the ablation procedure, under these specific

conditions. If the sensors placed on the inner esophagus wall, closer to the ablation heat source, a
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temperature rise of 1°C will be observed much earlier. For the case simulated, 14 seconds was
required to observe a 1°C temperature rise at the location closest to the heat source, as compared

with 23s and 53s, respectively, at the locations Smm and 10mm from the center.
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Figure 102: Simulated temperature at the specific nodes on the inner esophagus wall.

6.4 Numerical Simulation of Heat Transfer Including

Heat Convection

In this section, convection is included in the heat transfer model under investigation. The
spatial and temporal temperature distribution is obtained. The results are discussed and compared
with the case of heat conduction only. Finally, the temperature at the interface between the ablation
catheter and heart tissue is investigated, along with the temperature increase as a function of the
heat source depth under the atrial surface, and the heat source ramp-up temperature profile. The
primary objective of this study is to develop an improved understanding of heat transfer during
cardiac ablation so that the designed temperature sensor array can optimally detect dangerous

temperature rises.

165



6.4.1 Heat Convection

Heat convection between the atrial wall and the blood flowing through the heart can have
an effect on the temperature distribution (see Figure 103). Blood flow in the heart is pulsatile flow
driven by the cardiac cycle. The temperature of the blood is lower (~37°C) than the temperature
of the heart tissue (>50°C), i.e., heat transfer occurs from the tissue to the blood, ultimately
lowering the tissue temperature during the procedure. Tangwongsan et al. [11] experimentally
measured the velocity of the blood in the left atrium of porcine tissue in vivo. Their results provide
an estimate for the heat transfer coefficient due to convection. From [11], we use h=2000 W/m?°C.

This estimate is a first order estimate knowing the complexity of blood flow in the heart [12].
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Figure 103: Esophagus and heart tissue layer geometry with heat source and conduction and
convection heat transfer.
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Convection reduces the temperature in the tissue, as is shown in Figure 104. The value of
the coefficient of convection was also investigated in [13]. The coefficient depends strongly on the
local velocity of blood in the neighborhood of the catheter tip. The side-by-side comparison of the
temperature distribution in Figure 104 shows that convection is important in determining the tissue
temperature. To improve the accuracy of the model, the thermal model needs to be coupled with a
model of the fluid flow in the heart, and data for the convective heat transfer coefficient as a

function of velocity are needed.
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Figure 104: Temperature distribution in heart and esophagus for a) conduction only, and b)
conduction and convection simulation 30s into ablation simulation. A constant temperature of
75°C is applied over an 8mm diameter area of the inner atrial wall.
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Figure 105: Maximum temperature on the inner and outer esophagus walls for a) conduction
only and b) conduction and convection as a function of time.

Figure 105 shows the maximum temperature on the inner and outer esophagus walls as a
function of time for the case of a) conduction only and, b) conduction and convection. We observe
that the maximum temperature is higher if only conduction is considered. If convection is included,

the temperature is lowered substantially. The maximum temperature difference between the two

models is on the order of 2°C after 60 seconds.

6.4.2 Spatial Temperature Distribution

Figure 106 shows the temperature distribution at time steps of 0s, 5s, 15s, 30s, 45s and 60s
for conduction and convection. At each time step, the temperature distribution is shown on the
cross section, the outer esophageal wall, and the inner esophageal wall. We observe from Figure

106 that the temperature increase at the inner esophageal wall is delayed due to the thickness of

168



the esophagus and heart tissue. In Figure 106, temperatures above 50°C indicate damaged tissue

[1]. Clearly, the model predicts that the outer esophagus would be thermally damaged after 60

seconds.
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Figure 106: Temperature distribution at the cross section (column 1), the heart / esophagus
interface (column 2), and the inner esophageal wall (column 3) during the first 60 seconds with

an applied 75°C constant temperature on an 8mm diameter area of the inner atrial wall.
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The difference in maximum temperature between the inner and outer esophagus is plotted
in Figure 107 as a function of time. We observe that the temperature difference increases rapidly

in the first 20 seconds of the ablation procedure. The rapid increase does not leave much time for
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a medical clinician to respond to a rise in temperature, since they can only observe portions of the
inner esophagus wall. Figure 107 shows a difference of approximately 5°C between the inner and

outer walls of the esophagus at 60 seconds into the ablation.
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Figure 107: Maximum temperature difference between the inner and outer esophagus walls as a
function of time.

6.4.3 Effect of Temperature of Catheter Tip

The temperature experienced by the tissue depends strongly on the temperature at the
interface between the catheter tip and the heart tissue. We have evaluated the temperature rise of
the tissue for catheter temperatures of 50°C, 75°C, and 100°C, respectively. These values are
typical target temperatures used in RF ablation procedures [1 (experiment)]. The experimental
study in chapter 6 used a catheter input temperature of approximately 50°C, although higher

temperatures have also been used in clinical testing.  Figure 108 shows the temperature
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distribution of the tissue after 60 seconds of ablation time, for catheter interface temperatures of
50°C, 75°C, and 100°C, respectively. We observe that thermal damage on the outer esophagus
occurs for both the 75°C and the 100°C interface temperatures. Both the 75°C and the 100°C,
respectively, can lead to thermal damage on the outer esophagus.
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Figure 108: Temperature distributions of tissue for temperatures of 50°C, 75°C, 100°C,
respectively, at the catheter/tissue interface.
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Figure 109 shows the temperature distribution for the 50°C, 75°C, and 100°C input
temperatures at the time corresponding to the moment when the inner esophageal wall observes a
1°C across an region at least 10 mm in length. 10mm was chosen as a potential distance for
temperature sensors to be separated by on the inner esophageal wall. Under the modelled
conditions, it will take approximately 42 seconds to observe the 10mm span of a 1°C rise on the
inner esophagus wall when 50°C is applied at the atrial wall. When 75°C and 100°C is applied at
the atrial wall, 24 seconds and 18 seconds are required, respectively to observe the same 1°C rise
across a 10mm span on the inner esophagus wall. It is ideal to have the temperature sensor directly
behind the heat source. In practice, however, the temperature sensors are spread out to cover more

area, or reduced in number to lower cost and increase product feasibility.
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Figure 109: Cross section temperature distributions at the instant of time where nodes covering a
10mm diameter circular area on the inner esophagus wall detect a temperature rise greater than
or equal to 1°C above body temperature.

If the catheter tip temperature is 75°C or 100°C (see Figure 109), the outer esophagus
reaches a temperature that causes irreversible damage before all of the nodes covering a 10mm
diameter circular area on the inner esophagus wall detect a temperature rise greater than or equal
to 1°C above body temperature. If the temperature sensors on the inner esophagus wall are spaced
more than 10mm apart and the heat source is applied between them, it is possible that the outer

esophagus is thermally damaged before the sensor measures a significant increase in temperature.
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6.4.4 Sensitivity of Tissue Thermal Conductivity Parameter on the

Maximum Temperature

Figure 110 shows the effect of changing the thermal conductivity coefficient by 10% from
its nominal value (Table 6). We observe the maximum temperatures vary by ~1% for both the
inner esophagus and outer esophagus after a 60s simulation ablation. The thermal conductivity
coefficient is an important parameter and has been shown to vary due to thermal damage [14]. For
an improved model, the coefficient of heat conductivity should be updated during ablation process

to account for changing materials parameters.
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Figure 110: Maximum temperature on the inner and outer esophagus walls as a function of time
with varying thermal conductivity parameters (+/- 10%).
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6.4.5 Effect of Catheter Heat Source Depth and Ramping of Applied

Catheter Temperature

The radiofrequency energy applied by the ablation catheter uses the principle of “Joule
heating” [15], as described in the previous chapter. High current density, or the large flow of
electrons close to the catheter/tissue interface, heats the tissue through resistive, or a friction-like,
heating. The clinician operating the catheter can also slowly increase the current as they monitor
the resistance (or impedance) between the radiofrequency ablation catheter and the grounding pad.
Instead of catheter/tissue interface temperature remaining constant, the interface temperature has
been estimated to ramp up from the initial temperature of 37°C to significantly higher values
around 100°C. Prior models have shown “worst case” constant temperatures at or near the surface.

Figure 111 shows the effects of changing the temperature ramp profile of the heat source
on the temperature distribution at the outer and inner esophageal walls. Figure 111a plots the three
simulated temperature ramp profiles as a function of time. Figure 111b and Figure 111c¢ illustrate
the temperature differences between the inner and outer esophagus walls for the different input

temperature profiles.
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Figure 111: (a) Varying temperature “ramp” input profiles. (b) Maximum temperature on the
inner and outer esophagus walls as a function of time with varying temperature ramp profiles
(15s, 30s, 45s ramp profiles) and (c) the absolute difference between maximum temperatures of
the inner and outer esophageal walls as a function of time with varying temperature ramp
profiles.
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The results in Figure 111 indicate that the temperature profile of the ablation catheter has
a significant effect on the temperature of the tissue as a function of time. Since the clinician is
concerned about the outer esophagus temperature, even though they can measure only the inner
esophagus temperature, it is important to predict the different between the outer and inner
esophagus temperature. It is desirable to have a small difference so that the clinician has a lower
possibility of accidentally burning the esophagus. Figure 111c shows that this difference is
smallest for a longer period of time when the ramp-up profile is slowest, e.g., for 45 seconds
instead of 15 seconds. Clinicians often aim for a quicker heat rise [2]. However, since there is
uncertainty about the position of the esophagus relative to the heart and the ablation heat source, a
slower ramp-up profile of the ablation heat source may allow for an earlier detection of a
temperature increase reaching the esophagus.

The highest temperature in the tissue can be found a small distance below the heart tissue
surface when using a radiofrequency ablation catheter. To simulate this effect, we varied the
model’s boundary conditions by defining the temperature profile for nodes at a 0.5mm and 1.0mm
distance from the inner atrial wall. Figure 112 shows the cross-section temperature distribution
when the nodes used to define the heat source are 1.0mm from the inner atrial wall. Tissue thermal

damage is illustrated in the figure as temperatures that rise above 50°C.
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Figure 112: Temperature distribution at cross section illustrating heat source depth of 1.0mm at
time = 30s.

Figure 113a shows the maximum temperature of the outer and inner esophagus walls as a
function of time when the heat source distance from the inner atrial surface varies from 0.0mm to
0.5mm and 1.0mm, respectively. This distance, or heat source depth, has a significant effect on
the difference between the maximum temperature of the inner and outer esophageal walls. As
shown in Figure 113b, the maximum temperature difference between the inner and outer
esophageal walls is much larger when the heat source depth increases. Since, in a clinical setting,
temperature can only be measured on the inner wall of the esophagus, the large difference between

the temperatures of the inner and outer esophagus walls is a cause for concern.
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Figure 113: (a) Maximum temperature on the inner and outer esophagus walls as a function of
time with ablation heat source depth d;,; (surface, 0.5mm, 1.0mm) and (b) the absolute
difference between maximum temperatures of the inner and outer esophageal walls as a function
of time with ablation heat source depth d,;.
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6.5 Discussion

The spacing of the temperature sensors on the inner esophageal wall is a very important
design parameter when developing a temperature sensing EDD. A large temperature difference
between the inner and outer esophageal walls is of concern to a medical practitioner. If the
temperature sensors do not yet pick up a temperature rise, and the cardiac electrophysiologist
continues ablating, it is possible that the outer esophagus can be thermally damaged.

The ability of the sensors to predict esophageal damage will depend on the parameters
modeled including the temperature input value and ramp profile. A slower ramping profile can
provide enough time for the sensors placed on the inner esophagus to detect a small 1°C rise. The
temperature distribution over timer is sensitive to the nature of convection and conduction defined
by their respective constants, £ and 4, in the model. Both constants can be influenced by
physiological changes from device interaction. For example, the convection term can change due
to blood flow variations on the inner atrial wall caused by the RF catheter, or additionally, the
conduction term can change due to tissue properties variations after reaching irreversible thermal
damage [14].

It is desirable to have a deflection device that incorporates temperature sensors at optimal
locations. This would increase the likelihood of detecting a rise in temperature and, thus, the
prediction of formation of thermal lesion.

The numerical and experimental results show a comparable temperature rise and
temperature distributions on the inner esophagus wall. The numerical model provides insight into
the temperature distribution throughout the tissue, including the outer esophagus wall. This is
important information as the medical clinician might only be able to monitor the inner esophagus

wall but must also prevent outer esophagus wall thermal damage. Experimental sensors and
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numerical nodes closer in proximity to the ablation heat source show smaller delay in detecting a
temperature rise. The temperature sensor array attached to the esophageal deflection device must

take these observations into account.

6.6 Summary

In this chapter, a numerical study was performed using finite element analysis to
complement the experimental evaluation (see Chapter 5) of the 2D temperature sensor array
designed for use in cardiac ablation procedures. The aim of this device is to measure the
temperature at the inner esophagus to ensure that the entire esophagus (inner and outer) is safe
from thermal damage throughout the cardiac ablation procedure. The numerical study provided
insight into how heat transfers through the atrial and esophageal tissue. The experimental study
was concerned with the temperature measurement at the inner esophageal wall and the inner atrial
wall. The finite element model depends significantly on the material models and boundary
conditions. It was shown that the sensor spacing is an important design parameter since the sensor
location determines whether the device will be capable of detecting a temperature rise on the inner
esophageal surface.

Chapter 6, in part are a reprint of the materials as they appear in “Experimental and
Numerical Investigation of Heat Transfer through Porcine Heart and Esophageal Tissue” Morris,
K., Hu, S., Kohanfars, M., and Talke, F.E., Proceedings for ASME 2021 Conference on

Information Storage and Processing Systems. Online Virtual. June 2-3, 2021.
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Chapter 7 Summary, Conclusions, and

Future Work

7.1 Summary and Conclusions

In this dissertation, a medical problem was described, namely, thermal damage of the
esophagus caused by heat transfer during radiofrequency ablation procedures. Cardiac
electrophysiologists have tried to find a better way to protect the esophagus during increasingly
common ablation procedures. Methods, tools, and equipment were discussed as they relate to the
design and prototyping of a medical device. For endoscope-like devices, it is important to have
soft flexible materials during the medical device prototyping phase. Material jet, photopolymer 3D
printing was employed to produce so-called Esophageal Deflection Devices (EDDs). In order to
accurately model such a device, hyperelastic constitutive models were developed for the soft
photopolymer material by uniaxial and biaxial testing. The EDD prototype transitioned to a
biocompatible material, i.e., ethylene vinyl acetate (EVA), and a final pre-curvature. Then, the
moment versus curvature and force versus deflection were mathematically, experimentally, and
numerically modelled. The results detailed the relationship between applied forces and cross
section, material, and radius of curvature for the pre-curved, thermoformed EVA tubes.

Given the aim of protecting the esophagus during ablation procedures, it is important to
measure the temperature on the inner esophagus wall. A thermal monitoring EDD was proposed,

incorporating an array of thermistors. A silicone skin prototype was manufactured and tested using
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excised porcine esophagus and atrial tissue. Heat was applied to the inner wall and the temperature
response was measured. The importance of sensor location and spacing on the EDD was
investigated. Furthermore, numerical models were developed and simulated to complement the
experimental work. By validating the numerical model with the experiments and varying model
input parameters and boundary conditions a better understanding of the heat transfer through the
tissue was obtained. Temperatures at both the inner and outer esophageal walls were simulated as
a function of time and heat source temperature profile. The effect of heat convection at the inner
atrial wall on the tissue temperature was also investigated.

During the design and analysis of the Esophageal Deflection Device, it was revealed that a
wide array of technical skills and scientific concepts were necessary, including but not limited to
design methods, computer aided design, 3D printing, solid mechanics, material modeling,
mathematical analysis, experimental design and analysis, numerical simulation, sensors, and tissue
heat transfer. Potentially the most significant part of the design process, which drove much of the
design, was the valuable and consistent feedback from the medical community throughout the

entirety of the project.

7.2 Future Direction

The medical device industry, despite numerous federal regulations, moves very quickly in
order to address a seemingly infinite number of medical challenges. UC San Diego’s medical
community, comprised of medical doctors, nurses, staff and engineers, has been growing in size

and energy to complement that effort. With support from this academic community, our research
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team aims to translate this Esophageal Deflection Device to a clinically-used product, along with
other similar devices in the Talke Biomedical Device Lab, that meet important medical needs.

Specifically for the Esophageal Deflection Device, we need to translate the device fully,
moving it “from benchtop to bedside”, so that we can impact the patient populations here and at
other cardiology centers. There is a path for commercialization. Scientifically, the models for pre-
curved tube deformation and tissue heat transfer can be expanded for this and other medical
devices, as precurved concentric tubes have been increasingly used in surgery and radiofrequency
catheter ablation is commonly used minimally invasive treatments, for example, in
gastroenterology or pain medicine. Medical problems often arise that require a strong
understanding of solid mechanics and heat transfer. It is important that engineers and clinicians
work together to solve these problems. Additionally, the reliability of these new devices must be
investigated.

The tissue heat transfer experiments proved valuable for evaluating our thermal monitoring
Esophageal Deflection Device design, but the experiments used a temperature-controlled heat
source enabled through conduction. It would be important to compare this experimental heat
source device against radiofrequency ablation catheters, as well as cryoablation balloons and
electroporation devices. Electroporation, or pulsed frequency ablation, is a novel approach to
performing atrial ablations, relying on high current and shorter pulses to ablate the tissue. This
technology may limit the need for an Esophageal Deflection Device, yet it is still important to
understand how heat transfer and the location of the esophagus can affect temperature rises on the
surface and the temperature profile within the tissue. It would be helpful to compare these
techniques more directly using experimental setups like the ones shown in chapters 4 and 5 of this

dissertation.
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Our research team, the Talke Biomedical Device Lab, has learned a great deal in terms of
medical device design, working on ophthalmic instrumentation, 3D printed endoscope caps,
biofilm resistant urinary catheters, ergonomic measurement devices, detachable bronchoscopes,
cervical expanders and other medical devices. The best and most important part is working
cooperatively with the wonderful and brilliant medical doctors at UC San Diego. Our future

direction will certainly be working alongside them.
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