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Everted tubes are soft growing robots that excel at passively navigating convoluted and
cluttered environments. This thesis will provide evaluation of an inflated beam model ap-
plied to everted tubes, and secondly it will outline a proposed application of everted tubes:
advanced airway management. Everted tubes have often been modeled as inflated beams
to determine transverse and axial buckling conditions. In this study, the assumption is val-
idated by comparing the tip deflection of everted and uneverted beams. The curvature of
everted beams deflected under load and by environmental interactions is also shown to match
the model. An iterative method for estimating an everted tube’s static tip pose within an
environment will also be presented. Advanced airway management is a challenging proce-
dure essential in many trauma settings. This thesis proposes a dual balloon, everting airway
device that autonomously deploys into the patient’s airway. The dual balloon design allows
it to safely deploy into the esophagus or trachea. Eversion gives the proposed device a pas-
sive mechanical intelligence allowing it to enter the patient’s airway without heading control.
Results will demonstrate the feasibility, safety, and efficacy of such a device by characterizing
the following: minimum pressures and forces required to deploy individual components; the

effects of airway anatomy on growth; and the ability to provide a seal using elastic balloons.
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GLOSSARY

AIRWAY PRESSURE (AWP): Pressure within the patients lungs
BAG-VALVE-MASK (BVM): A manual resuscitation device

COMBITUBE: A manual SGA device capable of being deployed into the trachea or
esophagus

COSSERAT ROD THEORY: A method of modeling 1D slender rods
CUFF PRESSURE (CP): Internal pressure of a sealing mechanism
EPIGLOTTIS: Flap of cartilage that folds down over the trachea when eating or drinking

ESOPHAGEAL SPHINCTER: Muscle at the top of the esophagus, used for opening and
closing of esophagus

ENDOTRACHEAL INTUBATION (ETI): The gold standard method of advanced airway
management. A tube is expertly placed into a patient’s throat sealing it off

EVERSION: A method of growth via tip extension, all new material is pulled from within
the tip to lengthen the tube

HARD PALATE: Bony front part of the roof of the mouth
I-GEL: A manual SGA device used for advanced airway management

INTUBATING LARYNGEAL MASK AIRWAY (ILMA): A manual device that an endo-
tracheal tube can be inserted through

LDPE: Low-Density-PolyEthylene plastic

LARYNGEAL MASK AIRWAY (LMA): A manual SGA device used for advanced airway
management

vi



LONGITUDINAL LOADING: A load applied parallel to the length of the beam
MUCOSAL PERFUSION: Blood circulation through mucosal tissues

OHCA: Out of Hospital Cardiac Arrest

PHARYNGEAL CAPILLARIES: Capilaries within the pharynx

POSTERIOR PHARYNGEAL WALL: Tissue at the back of the throat, located over the
cervical spine

SERIES PNEUMATIC ACTUATOR MOTORS (SPAMS): A series of connected pouches
whose nominal length is longer than its inflated length. Used to steer everted tubes.

SUPRAGLOTTIC AIRWAY (SGA): A type of manual devices inserted into the pharynx
during advanced airway management

SOFT PALATE: Muscular part of roof of the mouth
TPU: Thermoplastic PolyUrethane plastic
TRANSVERSE LOADING: A load applied perpendicular to the length of the beam

YOUNG’S MODULUS (E): A material property describing its elasticity, F' = Z
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Chapter 1

INTRODUCTION
1.1 Soft Robots

Soft robotics is a field of intrinsically soft mechanisms whose defining characteristic is its
composition of high modulus materials such as silicone rubbers [39,48]. These devices often
are biologically inspired, mimicking skin, muscle tissues, an octopus’ arm, elephant’s trunk
and many more [2}6,43]. Soft actuators are easy to actuate, often driven by fluidic pressure
to bend or retract [39]. Their compliant bodies deform under load, absorbing the energy
from a collision giving them an advantage in direct impact or blunt collisions making them
ideal for human robot interaction and a collaborative or delicate workplace [39]. This com-
pliance stems from nonlinear material properties, infinitely many degrees of freedom and
large deflections under loading conditions [38]. However, these material properties also make
soft manipulators extremely difficult to model accurately, and why they are not yet widely
used in a commercial setting.

Soft robotics have many applications including locomotion and grasping. Due to their
compliant bodies, soft robotics are ideal for locomotion in an unknown environment. They
are capable of adapting to rough terrain, confined spaces and complex curvature without
damaging the surface they are moving on [39]. Practical applications include pipe inspec-
tion and traversing rocky uneven terrain. Similarly, when used in a grasping setting, the
soft manipulator will deform before damaging the object its grasping |37]. This is ideal
for gripping objects with unknown geometries and delicate surfaces. These properties make
soft manipulators ideal for surgery and pick and place of delicate objects. Surgical applica-
tions include laparoscopy where semi-rigid tools are necessary for moving tissue and other

anatomical structures from obstructing the desired surgical site [37}38].
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Figure 1.1: The eversion process is a method of tip growth: the tube lengthens with new

material from within, the outer tubing remains stationary. Colored dots mark static positions

along the tube body.

1.2 Eversion

Vine robots, or everted tubes, are a subclass of soft robots that grow in length by tip extension
via eversion, where new material is pulled from within the tube and flipped inside out (Fig.
[1.1). Lengthening by growth is bio-inspired, as are many soft robots, and is found in the
roots of plants, growth of neurons, pollen tubes and sclerenchyma cells. All these organisms
grow via tip extension [6].

Everted tubes are driven by a pressurized fluid, often air [6]. This type of growth makes
everted tubes ideal for navigating convoluted tunnel-like environments because they grow
along the path of least resistance, passively navigating through and around obstacles. Growth
via eversion limits shear contact forces with the environment as the tube is able go grow with-
out moving the body relative to the environment [34]. An additional benefit to pneumatic
actuation is its inherent safety in hazardous environments, the soft robot body could not
make sparks and ignite flammable gases [10]. Such exploration of hazardous environments
might include inspection natural gas lines or pipes. Everted tubes have been demonstrated
in search and rescue, medicine, and archaeology applications [10]. Previous studies have used
eversion to minimize insertion forces of endoscopes in a colonoscopy phantom [40] and for
patient-specific soft catheters for access to brain ventricles [42].

Everted tubes can be constructed from a variety of materials, including thermoplastics



(TPU, LDPE), Thermosets, Thermo-coated fabrics, Thermoset-coated fabrics, and uncoated
fabrics [6]. Thermoplastics are the easiest to prototype, as they often can be purchased
in manufactured tube shapes of multiple sizes and thicknesses. However, they have the
lowest burst pressures and have been shown to fatigue quickly [6]. Fabricating tubes from
thermoset-coated fabrics require a more involved manufacturing process; they must be sewn
and sealed air-tight using adhesive. The structure of woven fabric prevents holes from rapidly
propagating through the body, preventing bursting, making it ideal for navigating abrasive
and rough environments [6]. An additional benefit of these light weight body materials is

they maintain enough rigidity to support their own weight when spanning gaps [10,22]
1.3 Everted Tube Kinematics and Modeling

Everted tubes have been modeled as inflated beams in many applications. Many studies
have utilized the transverse and axial buckling equations derived in [12/17] to model their
behavior. They have also been used to compute smooth retraction forces [11] and describe
kinetic wall interactions [21], and they have been validated in [20,122,31].

Many novel kinematic capabilities of vine robots have been recently developed, including
active steering, smooth retraction, tip-mounted graspers, and dynamically reconfigurable
joints [6}(10}|13}|16} 20, 22]. These works use of external devices along a robot’s body to
increases its operating workspace and capabilities. However, these rigid additions limit the
robot’s ability to squeeze through tight spaces since they cannot be crushed and re-inflated,
thus hampering some of the benefits of the soft nature of everted tubes.

Greer et al. provide a differential kinematic model of the free growth of everted tubes.
This algorithm accurately describes glancing and head-on growth around obstacles [19].
These kinematics have been extended by Haggerty et al., who describe the kinetic interactions
between an everted tube and wall. The reaction force will cause transverse buckling if the
incident tube angle is greater than a theoretical minimum [21]. After a tube buckles from
this transverse loading, it can freely grow along the wall while behaving like a hinge [21,130].

In an environment with many obstacles, sections of tube between contact points behave as



independent beams [31]. Everted tubes have also been modeled as Cosserat Rods; Selvaggio
et al. uses this model to determine the reachable workspace of an everted tube actuated by
series Pneumatic Artificial Muscles (sSPAM) [41]. This algorithm utilizes obstacles within the
environment to increase the reachability of goal poses. Selvaggio et al. also used the closed-
form solution of an externally loaded cantilever Cosserat rod to predict applied environmental

forces on such obstacles [41].
1.4 Inflated Structures

Inflated structures have been used for decades to construct habitats, antennas, wings, and
many more aerospace applications [45]. They are constructed of a skin material that holds
load only when inflated. Larger structures are commonly a series of smaller tubular compo-
nents sewn together to create complex shapes [45]. A beam bending model utilized in this
thesis was developed by Comer et al. for the design of inflatable re-entry vehicles [124[17,130].

When under load, inflated beams exhibit some unique behaviors compared to standard
beams. Wrinkles form near the root of the beam, and as the body material wrinkles, it no
longer carries tension [12}30,45]. This is shown in Fig. as the slack region. As the load
increases, the slack region propagates around the beam, and 0y increases. As 6, approaches

7, the beam will buckle and collapse, behaving like a hinge [30,45].
1.5 Emergency Airway Management

Advanced airway management is a challenging and high-risk procedure critical to patient
survival in many trauma settings. A patient who cannot breathe on their own may require
advanced airway management where breaths are externally supplied through tubes expertly
placed in their throat. These situations include cardiac arrest, stroke, drug overdose, loss
of consciousness, and trauma including motor vehicle collision. Every year in the US nearly
350,000 people will experience Out of Hospital Cardiac Arrest (OHCA), and 90% of these
patients will die [3]. Advanced airway management is critical in every OHCA situation to

restore proper oxygenation to vital organs and prevent hypoxia [35]. Airway related injury is



the second highest cause of acute death among US combat fatalities [5,/15]. The most common
advanced airway management technique is EndoTracheal Intubation (ETT), where a trained
professional inserts a plastic tube through the mouth and into the trachea to maintain an
open airway. ETT is considered the ”gold standard of airway management” [5,8]. Additional
techniques include the Laryngeal Mask Airway (LMA), I-Gel, and CombiTube; these are
large plastic devices inserted into the pharynx of the patient and seal inside the trachea
or over the opening of the trachea [1,5][14}/15,128,135]. These devices require a significant
amount of training and expertise to operate, and improper use often leads to death or long-
lasting side effects such as spinal cord injuries, laceration, ischemia, and others [9,33}44].
These medical complications are usually caused by improper placement, forceful insertion,
improperly sized devices, or cuff overinflation [33]. Studies show that user experience level

is a key factor for first-pass success [24].
1.6 Insight and Motivation from King County Paramedics

Interviews were conducted with three King County paramedics to further understand emer-
gency intubation in the field from professionals with first hand experience. These profes-
sionals hold positions as firefighter paramedics, a basic life support instructor for EMTs,
and an intubation instructor at UW’s paramedic training program. All paramedics were in
agreement that ETI is the best solution in a trauma situation requiring advanced airway
management. They list cardiac arrest, drug overdose, and physical trauma (ex. auto mobile
collision) and the most common emergency situations requiring advanced airway manage-
ment. In a cardiac arrest situation, according to multiple paramedics, if a patient’s airway is
not managed properly, even if resuscitated they will likely die. Proper ETT is ensures patient
safety by establishing a patent airway. This is when the airway is completely sealed off, a
small balloon is sealed within the trachea ensuring two things: air is supplied to the lungs,
not the stomach, and that the airway is protected from aspiration and other fluids/secretions
from entering it. Video laryngoscopes were developed to simplify the intubation process and

were deployed with King County paramedics. They were quickly rejected because the camera



was easily occluded by blood and secretions from the airway rendering it useless. Accord-
ing to one paramedic, they were statistically less effective than standard laryngoscopes. All
paramedics that were interviewed did not use SupraGlottic Airway (SGA) devices, such as
an LMA or i-Gel, as they are easily dislodged from the airway. They require constant ad-
justment and attention to the airway during transit. The goal of emergency intubation is
to safely transport a patient to the hospital. SGAs are also not usable if there is signifi-
cant trauma to the airway, including a broken jaw, excessive blood, or swelling. In King
County, this high risk and important procedure requires over 3,200 hours of training over
two years to receive the required advanced life support training. As a result there are only
65-70 paramedics in King County and an EMT must arrive on the scene first and then call

and wait for a paramedic to arrive.

Figure 1.2: An uninflated LMA

1.7 A Business Case for an Emergency Airway Device

The device outlined in this thesis is called EVBreathe, a standalone, automated device that

can be placed in public areas that can be used by minimally trained users to save a life. Much



like an AED, EVBreathe will provide crucial patient support between a cardiac incident
occurring and the arrival of paramedics. The author believes that everywhere there is a wall
mounted AED, there should also be an EVBreathe device. There approximately 3.2 million
AEDs in use and an estimated 70 million required to fully cover the US population [27].
This number would be a minimum number for EVBreathe as it has many more applications
than a defibrillator. One potential pathway to commercialization is through the military.
In 2021, the Defense Medical Research and Development Program solicited proposals for
devices assisting in sustained resuscitation in a mass causality scenario. This is part of the
Battlefield Resuscitation for Immediate Stabilization of Combat Casualties Award. This
award seeks solutions that are low-weight, low-power, modular, portable and rugged and
EVBreathe fits these requirements. Recall that airway related injury is the second highest

cause of acute death among US combat fatalities [5,/15].
1.8 Academic Solutions to Emergency Airway Management

Several robot-assisted ETT systems have been developed. The Kepler Intubation System
(KIS) uses a commercial laryngoscope mounted on a robot arm to perform teleoperated in-
tubation [23]. An initial study of the KIS resulted in a 91% success rate in a clinical test. Re-
mote Robot-Assisted Intubation System (RRAIS) is an over-the-mouth device for intubation
that utilizes an endoscope to provide video feedback to its expert teleoperator [47]. RRAIS
was slower to intubate porcine test subjects but held a higher success rate than manual laryn-
goscopy. The Robotic Endoscope-Automated via Laryngeal Imaging for Tracheal Intubation
(REALITI) system partially automates the ETI procedure [4]. This system utilizes com-
puter vision to identify the glottic entrance and automatically orients an endotracheal tube
towards its geometric center using an actuator around the tube. Results showed that the
REALITT system could assist non-medical professionals in performing laryngoscopy. While
these systems made large strides to automate the intubation process, they largely depend on
bulky, expensive, and specialized equipment or a highly trained teleoperator, limiting their

widespread use for out-of-hospital emergencies.



1.9 Design of a Rotary Eversion Device

A rotary eversion base (Fig. [1.3)) was adapted from vinerobots.org and by Hawkes et
al. . The everter capsule is used in all subsequent experiments and is constructed as
follows. The soft robot body was spooled onto a spindle and released at a constant rate by
a DC motor with encoder feedback. The spindle has a through-hole allowing the Semi-Rigid
Air Delivery Tube to be routed out of the pressure vessel. It is connected to a pneumatic

rotary union (Mosmatic, Bristol, WI) to prevent kinking.

< 4 ‘H i ‘

——— : Through Air In
Rotary Union
| DC Motor |

Figure 1.3: Motor controlled rotary eversion assembly with novel rotary union for external

access to internal lumen.

Pneumatic Control System

Pneumatic pressure is supplied by a 12V DC peristaltic pump with a manual pressure reg-
ulator (Omega, AR91-015) and a 2L pneumatic tank to act as a pressure filter. Pressure is
measured with a gauge pressure transducer (Honeywell, SSCDANN150PG2A3). Data was
filtered using a four (4) frame moving average. A diagram of the overall control system is

shown in figure [1.4}


vinerobots.org

Everter

Everted |, __ [Chamber| __ [Pressure Capsule
Tube Pressure ransduce

."-llIIFIIIIIIIIIIIIIII'IIIIIIIIIIIIIIIII..

.

Controller
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‘I

*

L] *
I E NI NN NN NN EEEEEEEEEEEEEEEEEEEEEEEmn®

Figure 1.4: Pneumatic Control Diagram of Everter

1.10 Contribution

The contributions of this thesis are as follows:

A validation of an inflated beam model applied to everted tubes.

A method to determine an everted tube’s tip pose from static positions in the environ-

ment.

A novel everted balloon construction applied to emergency airway management.

A method for supplying air through the internal lumen of an everted tube



10

Chapter 2

A METHOD FOR EVALUATING AN INFLATED BEAM
MODEL APPLIED TO EVERTED TUBES

This chapter will demonstrate a method for solving the beam model introduced by Comer
et al. This solution will be used to compare the performance of straight and everted cantilever
beams under three different variable loading conditions and validate that everted tubes can
be modeled as inflated beams. Current everted tube research uses the maximum axial and
transverse loading conditions outlined by |12|17] but have not validated beam deflections or
curvatures at loads less than critical loading conditions [20,21,31]. Beam deflection was also
used to determine an everted tube’s curvature, which we have extended to estimate everted
tube pose from environmental interactions. Selvaggio et al. estimated this pose using an

externally loaded cantilever Cosserat rod for an everted tube with actuation along the length.

2.1 Solving an Inflated Cantilever Beam

This thesis uses the model developed by Comer et al. for an inflated cantilever beam with a
length much greater than its radius [12]. The beam model, as applied to an everted tube, is

shown in figure 2.1l The curvature

Q mpR3
dar? Qo 2 I < L

EtR? 2r—200+sin(200)  2Q
describes the vertical displacement within the wrinkled and unwrinkled region of the beam.
x is the distance along the beam measured from the tip, Q is the applied tip load, E is the
Young’s Modulus of the material; R is the beam’s radius, and t is the material thickness. It
is important to note that the origin of the beam is defined at the free end, shown in Fig. 2.1}

where the load is applied. Displacement downwards is defined in the positive y direction.
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CO— e 9 &

I \ A

Slack Region

Slack Region

Figure 2.1: Top: An everted cantilever beam with length, L; internal pressure, p; and
external load, Q. Note the coordinate frame is centered at the tip of the beam. Bottom: An

everted silicone coated nylon beam carrying a cantilevered tip load.

This curvature equation is similar to the standard cantilever beam equation of xk = %,

where the inertia of a thin-walled cylinder is I = wR3t. 6, is the wrinkle angle around the
beam, shown in figure Wrinkle angle is numerically approximated from eq. using a
5% order polynomial and is described as function of 1%, eq. This process is outlined
by and shown in Fig. 2.2

Qx (2w — 26y + sin(26,)

PR3~ Asin(0y) + (7 — Op)cos(6y)] (2.2)

The problem is simplified by non-dimensionalizing the position in the x and y direction:

Q
§= (ﬁ)xa (23)
n= (@)y- (2.4)

p3 R3
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O = f(—5) = f(£) (2.5)

gives the expression for curvature:

d277 % g > 5 >0
- . (2.6)

2 s
527r—2t9()—|—sin(90) > 5 > 2

We solve the beam by decomposing the non-dimensional model into a system of first

order equations by 7, and 7y, where n; =7, 17, = fl—g:

T2
d (m| 9
d_é' - o 527r7200+sin(90)

£ IT>¢>0

T

T>6>70 1. (2.7)

Using the initial conditions described in [12] a solution can be found. The initial condi-
tions are that the displacement and slope at the root (x = L) of the beam are both zero.
The system is solved by numerically solving the initial value problem backward, simulating

from x = L to x = 0. Matlab’s ODE solver function, ode45, was used to solve

ey o, MR
OL
§(L) = DR

2.2 Materials Selection and Testing

Two different beam materials were used to validate the inflated beam model: Silicone Coated
Nylon (Seattle Fabrics, Seattle, WA, USA) and 2.54 ¢cm diameter with 2mil (0.05mm) wall
thickness Low-Density-PolyEthylene (LDPE) tubing (ULINE, Pleasant Prairie, WI, USA).
The Silicone Coated Nylon had a measured thickness of 0.12 mm. Beams were sewn to a

2.54 c¢m diameter and sealed using Seam Grip WP (Gear Aid, Bellingham, WA, USA). The
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Figure 2.2: 5 order polynomial approximation of wrinkle angle as a function of moment

LDPE tubing held a significant amount of memory from its manufacturing and storage on
a large reel, giving all inflated tubes a nominal curvature. To eliminate the curvature in
the plastic was annealed by hanging vertically and stretched by weights in a sunny enclosed

patio.

Each material was tensile tested, the stress and strain were computed using a video
extensometer and digital image correlation. Materials were stretched at a rate of 5mm/min.
Both annealed and un-annealed LDPE samples were tested to ensure that the annealing
process did not affect the mechanical properties of the plastic. The Young’s modulus was
measured between the maximum and minimum stress within the beam during the following
conditions: length of 0.357 m, internal pressure of 10.34 kPa, and applied tip load of 0.155
N. The minimum stress is the longitudinal stress of a pressure vessel and the maximum axial

stress at the root of the loaded cantilever beam (z = L), outlined in [12]:

QL 2(1+ cos(y))
7™ = tR2 2w — 20, + sin(20y)

(2.8)
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2.3 Parameter Variation

The model was validated by comparing the tip deflection of straight and everted tubes.
Straight tubes are defined as traditional cylindrical thin-walled inflated beam. In contrast
everted tubes have an inner lumen, or tail, connecting back to the spindle, shown in Fig. [2.1]
Tests varied the independent values of eq. 2.4t beam length (L), internal pressure (p), and
external load (Q). Silicone coated nylon and annealed LDPE were the two tube materials
used. The tip displacement is y4 = 77% for £(L). Transverse buckling occurred when the
beam collapses to the floor under the test conditions.

For beams under variable tip load, a 0.368 m beam with a 1.27 cm radius and 10.34
kPa internal pressure was loaded at the tip by weights of increasing mass. The tip displace-
ment was measured between every increase in weight, the weight was also removed between
increases. The beam was loaded until it experienced transverse buckling and collapsed.

Collapse conditions were compared to the theoretical critical values [12]:

TpR3

Qmam - I,

(2.9)

A new plastic beam was used after each collapse to avoid fatigue and plastic deformation
between trials. Because the nylon had a significantly higher stiffness, beams were depressur-
ized and re-oriented after every collapse to mitigate any seam dependent deflection.

Everted and straight beams of variable length were evaluated by pressurizing to 10.34
kPa and tip loading with a 0.155 N, tip deflection was measured. This process was re-
peated for beams of increasing length until the beam collapsed under load. Beams were
similarly replaced or re-oriented after each collapse. Collapse conditions were compared to
the theoretical max length.

Beams of varying internal pressure were also evaluated using a constant length of 0.357
m and mass of 0.155 N. The tube’s internal pressure was decreased from 27.58 kPa until
collapse occurred. All beams were depressurized and unloaded between each trial. Eq.

m was used to determine additional critical buckling conditions, max length (Lq,) and
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minimum internal pressure (P, ).
2.4 Curvature Evaluation

Annealed LDPE everted beams of variable length, and constant pressure of 10.34 kPa were
loaded with a 0.155 N tip load. Each beam was marked with a series of black dots at
2.54 cm increments. Images were taken before and during loading. Their relative vertical
displacement was measured using an image mask in Matlab (Fig. [2.3). Displacement at
discrete locations along the beam was compared with the inflated beam model. The tip
slope was determined from the two distal-most markers and compared with the modeled

beam slope, 7, at the tip.

Unloaded Beam
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Figure 2.3: Everted inflated cantilever beam with and without a tip load. An image mask
was used to determine the centroid of each marker to determine relative displacements along

the beam.
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2.5 Curvature Estimation from Environmental Interactions

The model was used to predict tube curvature from environmental interactions, shown in
Fig. 2.4 An annealed LDPE everted tube was tip-displaced a fixed amount. Given constant
parameters of length and internal pressure, the theoretical load at the tip was be iteratively
determined, and the curvature estimated from the model. A tube with tip displacement
greater than the theoretical maximum was modeled as buckled, and the curvature was be

approximated as a straight line between tip and base, as presented in [31].

Figure 2.4: An LDPE everted beam deflected a fixed amount
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Chapter 3

RESULTS AND IMPLICATIONS FOR MODELING EVERTED
TUBES AS INFLATED BEAMS

3.1 DMaterial Properties

Annealed and non-annealed LDPE samples were loaded to between 10% and 12% strain,
shown in Fig. [3.1] The Young’s Modulus was determined from the elastic region, < 2% strain,
to be 199 MPa and 243 MPa for the non-annealed and annealed samples, respectively. All
subsequent simulations use the average across all LDPE conditions, 227 MPa. The Young’s
Modulus of silicone coated nylon was linear within the max/min stress region, consistent

with [30], and measured to be 495 MPa.

3.2 Results: Variable Tip Load

A constant length, constant pressure, cantilever beam under variable tip load was tested.
The results are shown in Fig. which plots measured tip deflection against applied tip
load. A solid blue line shows the theoretical tip deflection until the theoretical buckling
condition and displacement. Absolute error was calculated as the difference between the
model and measured tip deflection at a specific load. Beam collapse conditions are shown
with [J and A markers and evaluated as a percentage of the theoretical maximum load
condition. Buckling displacement is the measured tip deflection at the loading condition just
before the experimental buckling condition. Everted and straight nylon beams had average
absolute tip deflection errors of 19.3 and 16 mm, respectively. The everted beams collapsed
at 88% of the theoretical maximum load, while the straight tubes collapsed at 107% of the
theoretical maximum. The LDPE tubes had a lower absolute tip deflection error of 2.2

and 3.8 mm for everted and straight tubes, respectively. On average, everted LDPE beams
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Figure 3.1: Stress-strain performance of the tested materials. Top: LDPE results, a compar-
ison between the annealed and unannealed material shows approximately the same Young’s
modulus of 227MPa. Bottom: Silicone coated nylon was strained up to 10%, the data
shows that this is still in the elastic region. The Young’s Modulus was calculated within

experimental stress values.

collapsed at 80% of the theoretical maximum load at an average displacement of 0.039 m
(SD: 7 mm). Straight LDPE beams collapsed at 106% of the theoretical maximum load at
an average displacement of 0.056 m (SD: 5 mm). The theoretical maximum displacement at

Qmas is 0.088 m.
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Figure 3.2: Tip deflection of straight and everted inflated beams under variable load at a

constant length of 0.357 m and constant pressure of 10.34 kPa.

The O and A markers

represent the load at which the beam collapsed. Top: Silicone coated nylon beam. Bottom:

Annealed LDPE beam.
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3.3 Results: Variable Beam Length

A constant pressure, constant load cantilever beam with variable length was tested. The
results are shown in Fig. which plots measured tip deflection against beam length.
A solid blue line shows the theoretical tip deflection until the theoretical buckling length
and displacement. Absolute error was calculated as the difference between the model and
measured tip deflection at a specific beam lengths. Collapse conditions are shown with [
and A markers and evaluated as a percentage of the theoretical maximum length. Buckling
displacement is the measured tip deflection at the beam length just before the experimental
buckling length. Everted and straight nylon beams had absolute tip deflection errors of 12.9
and 8.3 mm, respectively. The everted beams collapsed at 88% of the theoretical maximum
load, while the straight tubes collapsed at 106% of the theoretical maximum. The LDPE
tubes had lower absolute tip deflection errors of 2.5 and 8.6 mm for everted and straight,
respectively. Everted LDPE beams collapsed at 77% of the theoretical maximum load at
an average displacement of 0.029 m (SD: 4 mm). Straight LDPE beams collapsed at 102%
of the theoretical maximum load at an average displacement of 0.054 m (SD: 3 mm). The

theoretical maximum displacement at L,,,, is 0.119 m.
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Figure 3.3: Tip deflection of straight and everted beams under constant 15.8 g load, pressur-
ized to 10.34 kPa under variable lengths. The [J and /A markers represent the load at which
the beam collapsed. Top: Silicone coated nylon beam. Bottom: Annealed LDPE beam.
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3.4 Results: Variable Pressure

A constant load, constant length cantilever beam with variable internal pressure was tested.
The results are shown in Fig. which plots tip deflection against internal pressure. A solid
blue line shows the theoretical tip deflection from the theoretical minimum internal pressure
to the deflection at 30kPa. Absolute error was calculated as the difference between the
modeled and measured tip deflection at a specific internal pressure. Collapse conditions are
shown with [0 and A markers and evaluated as a percentage of the theoretical minimum
pressure. Buckling displacement is the measured tip deflection at the internal pressure
just before the experimental buckling pressure. Everted, and straight nylon beams had
an absolute tip deflection error of 29.1 and 12.9 m, respectively. Nylon everted beams,
on average, collapsed at 116% of the theoretical minimum pressure while the straight beams
collapsed at 93% of the theoretical minimum. LDPE tubes had a lower absolute tip deflection
of error of 9.3 and 8.2 mm for everted and straight beams, respectively. The everted LDPE
beams collapsed at 120% of the theoretical minimum pressure at a displacement of 0.038m
(SD: 1 mm). Straight beams collapsed at 77% of the theoretical minimum at a displacement

of 0.034m (SD: 1 mm). The theoretical maximum displacement at (Pp,;,) is 0.0747m.
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Variable Pressure, Silicone Coated Nylon
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Figure 3.4: Tip deflection of straight and everted beams of variable pressure under constant
0.155 N load and length of 0.357 m. The [J and A markers represent the load at which the
beam collapsed. Top: Silicone coated nylon beam. Bottom: Annealed LDPE beam.
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3.5 Results: Curvature Under Load

The curvature of an everted cantilever beam of variable length is shown in Fig. [3.5| The
origin is located at the tip of the beam, and the plot shows distance from the tip against
relative displacement. The absolute displacement error was computed as the difference the
measured vertical displacement and modeled vertical displacement at discrete locations along
the length of the beam. The average displacement error was computed to be 1.1, 1.5, 2.6
and 4.9 mm for beams of length 0.254, 0.305, 0.330, and 0.356m. While the absolute error
increases with beam length, the relative tip displacement error is 14%, 11.8%, 12.4%, and
18.5%. The tip slope error, %’ was measured to be 0.011, 0.017, 0.012, and 0.02 rad for the

given lengths.
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Figure 3.5: Modeled and measured curvature for everted LDPE beams of length 0.254, 0.305,
0.330, and 0.356 m. Each beam was under a 0.155 N load and pressurized to 10.34 kPa.
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3.6 Estimating Curvature from Environmental Obstacles

An inflated beam’s curvature was estimated from a known tip displacement by iteratively
solving for the theoretical applied load, given constant beam parameters. Absolute error was
calculated from the difference between the estimated curvature and the measured curvature.
Figure shows the beams interaction with an obstacle relative to its nominal unloaded
position. For tip displacements of 17, 21, and 34 mm an absolute error of 0.7, 0.7, and 0.9
mm and relative error of 20%, 17% and 15% was calculated, respectively. The curvature
of beams displaced greater than their theoretical max, determined using eq. [2.9] were be
modeled as a straight line between the tip and base. This straight-line approximation of

buckled beams recorded average absolute errors of 1.1 and 1.4 mm and relative error of 4.5%

and 3%.
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Figure 3.6: A comparison of the modeled and measured curvature for beams deflected by
an obstacle in the environment. A beam 0.305 m in length and pressurized to 10.34 kPa
was deflected to a known distance. Its curvature was measured using a series of markers
spaced 2.54 cm apart. Given the tip displacement, length, and pressure, the applied force

and curvature were estimated.
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3.7 Discussion: Tip Deflection

The deflection model provided by Comer et al. best fit the tip deflections of the annealed
LDPE tubes with an average tip deflection error of 6 mm for both straight and everted
beams. The measured tip deflection of silicone coated nylon did not match the magnitude
predicted in the model with an average tip deflection error of 16.4 mm for both straight
and everted beams. The model held the same shape as the experimental tip deflection
data. In this cantilever application, modeled nylon tubes exhibited an effective stiffness of
approximately 25% of the measured value. The data shows that E,4ei = -25Ejongitudina,
where Ejongitudina 15 the Young’s Modulus computed from the tensile test. This is likely
due to the direction of the applied load on the weave pattern of the nylon. Silicone coated
nylon can be thought of as a composite material whose Young’s Modulus is not constant
with respect to the angle of the applied load. Tensile testing yielded the stiffness in the
longitudinal direction. Cantilever loading applies transverse stress on the beam, a loading
condition where Fionsverse < Flongitudinal- For a structure where the load may be applied in
an arbitrary direction with respect to the weave, performance consistent with the maximum

material properties determined from longitudinal testing cannot be expected.

In all cases, the everted and straight tubes showed approximately the same tip deflection
throughout each experiment. Although in all experiments, everted tubes collapsed at condi-
tions before the theoretical max/min and straight tubes collapsed after. Across all experi-
ments, everted nylon tubes buckled 86% of the theoretical buckling condition while everted
LDPE tubes collapsed at 79% of the theoretical buckling condition. On average, straight
nylon tubes buckled at 107% of the theoretical buckling condition and straight LDPE tubes
collapsed at 110% of the theoretical buckling condition. This could be due to wrinkles or
fatigue generated in the material during the eversion process. Recall that as limg,_,. the
beam collapses [45]. It is possible that material creasing during eversion contributed wrinkle
propagation when under load. The deflection of an inflated cantilever beam model is valid

for homogeneous materials such as LDPE. The modeled beam’s deflection held true until
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near collapse, but the collapse condition may not be accurately determined by the model. A
beam’s collapse may be defined better by a maximum displacement. Across all LDPE tests,
beams collapsed at a consistent displacement rather than load. In nearly all conditions,

everted tubes collapsed at a smaller displacement than straight tubes.

3.8 Discussion: Curvature Validation

The curvature of an everted tube was validated using both a transverse gravity load and
external lateral displacement. Tubes under a transverse gravity load had a relative tip dis-
placement error of 14.2%, and tubes under an external lateral displacement had a relative
curvature error of 17.3%. Tubes externally displaced greater than the theoretical maximum
were approximated as a straight line and showed an error of 3.75%. Longer tubes showed
greater absolute tip displacement error but all beams had similar relative tip error. Tip slope
computation showed a similar error trend across beams of variable length. The accuracy of
this value can be increased by increasing the quality of the image tracking system. Pre-
dicting curvature from environmental displacements implies that the model may be used to
accurately estimate interaction forces with the wall given a specific tip deflection. Allowing a
user to determine applied forces in a known sensitive environment such as an archaeological

dig site, [10], or within the body [40,42].
3.9 Applications: Pose Estimation from Environment

The static pose of the tip of an everted tube can be estimated using tip deflection. The tip

reference frame is calculated using the differential kinematics model derived by [19):

L lP—all
P=ur—=—0x (3.1)
t-(p—cn)
Given an obstacle within an environment, tip translation is determined by :
ity =P, (3.2)

where ¢ is the unit vector parallel to the surface of the obstacle, u is the eversion growth

rate, p is the tip location, and ¢, is the nearest contact point. In the case of Fig. Cn
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is the everter base. The curvature at the tip or heading, 7o when £ = 0, gives the rotation
angle of the tip coordinate frame:
- p2 R3
nR_, —
P = T2 OFt

From tip translation and tip slope, a planar and homogeneous transformation matrix can

(3.3)

be determined. This process is similarly computed in Selvaggio et al. [41], where the everted
tube is modeled as a Cosserat rod. Forces applied to the obstacle can also be computed from

the pose.

oy

Figure 3.7: Tip pose estimation from static tip deflection

3.10 Applications: Extension of Current Kinematic Modeling

Understanding the static behavior of everted beams will help give insight into their kinematic
behavior. This work can support the algorithms derived in several published works.

Tip slope angle could also be useful in determining transverse buckling while growing
along a wall. If a tube is incident to a wall at an angle greater than he minimum incident

angle described by Haggerty et al. [21], transverse buckling occurs and the tube grows along
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the wall. If a tube is incident to the wall at an angle less than the determined minimum
incident angle, the static beam will bend according to the model described by [12] and will
behave as shown in Fig. [3.60l In this instance, tip slope angle should be considered when
computing incident angle. Transverse buckling may occur when tip slope is considered. This
insight could help understand a tube’s kinematic behavior very close to buckling conditions.

Retraction without buckling of an everted tube is greatly influenced by the tube’s cur-
vature [11]. The curvature model derived in this paper can provide an analytical solution to
assist in computing retraction forces.

Everted tubes in previous path planning algorithms have been modeled as straight lines
between obstacles and discrete pivot points [19]. The inflated beam model allows for the

beam’s curvature to be computed and included in these kinematic models.



30

Chapter 4

THE DESIGN AND VALIDATION OF AN EMERGENCY
AIRWAY DEVICE

We propose a novel, multi-element, everted tube designed to deploy into a patient’s
throat and safely establish a sealed airway. In emergency settings, a reliable, compact, fully
automated device is needed to simplify advanced airway management and make it available
for bystander intervention. A vine robot is proposed because it can reliably navigate the
curvature of airway anatomy without complex control algorithms. The length and linear
growth rate are controlled by motor feedback. But tube heading is uncontrolled as the tube

grows into the patient’s throat, allowing it to passively enter the trachea or seal around it.

S

— =

|

Figure 4.1: The deployment of the proposed dual-balloon (blue) and dual-air delivery. The
red tube marks the inner lumen deployed in series and the green marks the outer tube

deployed in parallel.

Novel balloon configurations will seal the airway to enable ventilation through co-deployed,

semi-rigid tubes. Dual balloon construction (Fig. Config 4) allows for the tube to deploy
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into the patient’s esophagus or trachea and deliver air safely to the patient through one of
two air supply lines incorporated on the everted tube (Fig. [4.2)). This design is inspired
by the CombiTube, which is also intended to be safely inserted into the trachea or esopha-
gus ,. It has lost favor with emergency responders due to its large size. This dual-option
construction aims to solve two potential misuses of other manual devices: improper insertion
of endotracheal tubes or LMA like devices into the esophagus and insufficient sealing of the

airway. In both cases, patients may not receive adequate ventilation [36}46].
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Figure 4.2: Deployment of novel multi-element everted tube. Dual balloons ensures air deliv-
ery to the patient if deployed into trachea or esophagus. [A] Tube in trachea: breathing air is
supplied through internal lumen running through the tip balloon. [B] Tube in esophagus: tip

balloon seals off stomach, preventing gastric inflation, and breathing air is supplied through

external lumen deployed parallel to soft body tube.

Figure[4.2]shows the proposed tube construction and its final deployment in the airway. If
the tube lodges in the upper esophagus, the tip balloon will seal off the esophagus, preventing
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air from entering the stomach. Pulmonary ventilation is delivered from the side air delivery
tube deployed in parallel with the soft body tube. The seal established by the proximal cuff
balloon will prevent air from escaping through the mouth or nose. If the tube lodges in the
trachea, the tip balloon will seal against the upper tracheal mucosa in the same manner as
a standard endotracheal tube cuff. Pulmonary ventilation will be delivered to the patient
using the inner air delivery tube that passes through the tip balloon.

The inner air delivery tube is connected in with the soft robot body, deploying in series
behind the body tube. A channel in the spindle allows for the inner air tube to be routed
out of the device. A rotary pneumatic union is used to prevent kinking caused by spindle
rotation and has not been demonstrated in other everted tube applications. This is shown
in fig. [4.1]

The side air delivery tube is deployed in parallel with the soft body tube and can be
considered a payload of the everted tube. Parallel payload deployment along an everted

tube has been used to deploy and actuate series pouch motors for heading control [6,|10].
4.1 Airway Phantom Design and Construction

A CT scan of a healthy teenage male was used to construct a simplified airway phantom
(Fig. . The 2x scaled airway phantom with a constant depth of 2 cm was cast using an
approximated outline of the airway, Fig. [£.3] It was scaled to match the size of commercially
available 2.54cm diameter tubing such that the anatomy and tube had roughly the same
cross-sectional area. Silicone with durometers 20 and 15 was used (Mold Max 20 and Mold
Star 15) to simulate the soft tissues of the airway. Air pockets were left in the phantom at the
soft palate and the tongue to approximate highly compliant tissues. The esophageal sphincter
was modeled as open and does not reflect the normally closed nature of the esophagus. A
single DOF epiglottis was modeled using a torsion spring to approximate the torque, 0.05

in-1bs, required to depress the epiglottis [25].
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Figure 4.3: Male molds for casting silicone phantom

4.2 Soft Robot Body and Design of Novel Balloon Construction

This study will evaluate the performance of proposed elements in the following configurations:

1. Tip balloon, inner semi-rigid tube air delivery
2. Cuff balloon, inner semi-rigid tube air delivery
3. Cuff balloon, side mounted semi-rigid tube air delivery

4. Tip and cuff balloon, side mounted semi-rigid tube air delivery

Soft Robot body

The everted tube body is composed of: Soft Body Tube - thin LDPE tubing (ULINE), 17
diameter and 2mil (0.05mm) wall thickness; Semi-Rigid Air Delivery Tube - 3mm ID x
4mm OD latex tubing (Uxcell); and Airway Sealing Balloons - 9” latex balloons fixed to
the soft body tube with J&J Waterproof tape.
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Figure 4.4: Multi-element everted tube. (1) Eversion Base (2) Soft Body Tube (3) Semi-Rigid
Air Delivery Tube (4) Tip Balloon (5) Cuff Balloon

4.3 Device Evaluation and Testing

Each element of the proposed device was constructed as an independent everting device
to characterize its effect on an integrated system. Device safety was characterized by tests
showing safe deployment pressures and adequate sealing for emergency breaths. Safe deploy-
ment was evaluated by measuring the minimum pressure to evert elements of the tube in
free space and navigate anatomy in an airway phantom. The sealing efficacy of each balloon

configuration was measured in a simple tube model.

Free Eversion

The free eversion pressure of the tube configurations was determined by freely everting into
a straight airway phantom, simulated by a plastic tube with an inner diameter of 3.7cm (Fig
4.6)). Free eversion pressure is the pressure required to begin eversion, also known as pressure
above yield [22]. This pressure is the minimum deployment pressure of the eversion device
and was measured as the steady-state tube pressure during free eversion after overcoming
spindle static friction (C, Fig. . Tube pressure was manually increased using the pressure
regulator until steady-state eversion occurred.

Friction measurements were extracted from pressure transients (B, Fig. |4.8)). The friction
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effects of both spindle and balloon were measured as pressure peaks before free eversion
began. Spindle friction is the static friction required to begin spindle rotation. Balloon
everter friction is the kinetic friction between the balloon and the everter as the balloon
element is drawn through the tube body. This can also be thought of as tail friction.
Balloon deployment pressures are the maximum tube pressures recorded just before the

sudden volume increase associated with the deployment of a balloon.

FEversion Within Airway Phantom

The safety of an everted device in the airway was evaluated by recording the minimum
deployment pressure of a plain tube (Config 0) past anatomies approximated in the phantom.
The anatomical structures of interest include the lips, teeth and oral cavity, hard palate,
soft palate, posterior pharyngeal wall, and esophageal sphincter, shown in Fig. [£.5 These
anatomies are commonly damaged during intubation [9,26,33,44]. The posterior pharyngeal
wall is of interest because manual intubation techniques exert enough pressure at this location
to result in serious injury of the cervical spine in a patient with an unstable neck [26].
Insertion pressures were measured by placing an uninflated tube at the anatomy within the
phantom and manually increasing tube pressure until it was able to evert past the anatomy

under test.
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Esophageal
Sphincter

Figure 4.5: Scaled (2X) airway phantom with key anatomical areas highlighted. Hollow
pockets in the silicon are included to simulate highly compliant areas of soft palate and
tongue. A hinged flap simulates the epiglottis that covers the trachea during eating and
drinking.

Balloon Sealing

The sealing performance of the balloon configurations is determined by two metrics: the
maximum sealing pressure of the system and the maximum pressure supplied through the
system. To evaluate these capabilities, the everted tube was pressurized to a specific Cuff
Pressure (CP) (Fig. , and a back-pressure was supplied against the seal using a second

pump operating at full rated voltage until steady-state pressure was achieved.

Air Delivery

The emergency breath supply capabilities of the tube were measured by similarly deploying

and pressurizing a tube to a specific CP, then pumping air through the air delivery tube using
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Figure 4.6: Clear rigid tube for evaluating free eversion pressures and sealing characteristics

of tip and cuff balloons.

a 12V DC peristaltic pump or an adult-sized Bag-Valve-Mask (BVM) manual resuscitator
(2000mL). The peristaltic pump gives the theoretical maximum supplied AWP, and the
BVM provides peak and average AWP during pulmonary ventilation. All conditions and

configurations in this and the two other experiments described were performed 5 times.
4.4 Results

4.4.1  Free Eversion

Free eversion pressure of a plain tube, Config 0, was 82 cmH,0 and increased by 14% with
the side air delivery tube (Fig. . The eversion pressures of the tip and cuff balloons were
36% and 80% greater than the eversion pressure of Config 0, respectively. Balloon everter

friction required the highest pressure to evert, 220 cmH,0O.
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Figure 4.7: Eversion pressure thresholds of tube elements (Fig. and static friction within

the system. Error bars are standard deviation.
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Figure 4.8: Representative time series pressure data of an everting tube. A- tube pressurizing
(L = 0). B- static friction in spindle (L = 0), C- eversion begins, tube lengthens at constant

pressure. D- tube is fully deployed and re-pressurizes to set point.
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Eversion Past Simulated Anatomies
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Figure 4.9: Eversion pressures required to evert a plain tube past key anatomy within the

phantom. Error bars are standard deviation.

4.4.2  Eversion Within Airway Phantom

The peak eversion pressure within the phantom was 179 cmH50 to evert past the esophageal
sphincter and 137 cmH50 to enter the phantom past the teeth (Fig. . Tube deployment
pressures increased the farther the tube entered the simulated airway. Growth past the
hard palate had the lowest eversion pressure of 124.7 cmH>0O and increased to 161 cmH5O,
170 emH50, and 179 cmH50 to grow past the soft palate, posterior pharyngeal wall, and
esophageal sphincter cmH,O.

4.4.3 Balloon Sealing Efficacy

Configurations 1, 2 and 4 show 1:1 Cuff Pressure (CP) to sealing performance while config-
uration 3 is less effective at less than 1:2 (Fig. . Seal effectiveness less than 1:1 requires
that CP must be higher than the airway pressure needed by the patient. Figure [4.10] also
indicates that increasing CP corresponds to increasing levels of anatomical damage in the

airway and performance characteristics of commercial devices.
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Figure 4.10: Sealing pressure of balloon configurations. Vertical bars indicate key mucosal
pressure thresholds: A- optimal cuff pressure [7]; B- tracheal capillary perfusion pressures
[26]; C- mucosal pressure at which pharyngeal capillaries collapse- [7]; D- advisable cuff
pressure for LMA/ILMA-; and E- mucosal pressure at which pharyngeal mucosal perfusion
stops, the patient is now at risk of ischemia. Horizontal lines represent performance of manual
devices [36,49]. I- peak AWP supplied by Bag-Valve-Mask. II- peak Airway Pressure (AWP)
supplied through a ventilator.
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4.4.4  Air Delivery Though Balloon Configurations

Using a Bag-Valve-Mask (BVM), configuration 2 held the highest peak and average airway
pressure of 42.13 and 12.1 cmH,0, respectively (Table[£.2)). Configuration 3 held the lowest
peak and average airway pressure, 19.1 and 6.0 cmH5O, respectively. Configurations 1 and 2
held the highest theoretical max AWP at 74.6 and 76 cmH50O, and configuration 3 held the
lowest theoretical max at 20.6 cmH,O. The deployed configurations 1, 2, and 4 were able to

supply higher peak AWP than manual devices in manikin studies [36,/46].

4.5 Discussion: Free Eversion

Free eversion pressure appeared to increase with increased material thickness and stiffness
from added air tube and balloon elements. The cuff balloon’s increased eversion pressure,
compared to the tip balloon, is likely due to the tail friction. In the cuff construction, tail
tension acts on the inextensible soft body, not the balloon itself, resulting in significant
friction between the balloon and the cuff seam. In contrast, tail tension in the tip balloon
acts on the highly elastic balloon, stretching it lengthwise as it deploys. This allows the tip
balloon to bypass the seam without any tail friction. Although the cuff balloon has a higher
deployment pressure, it is a more advantageous method of construction. It does not limit
eversion after its deployment, whereas the tip balloon caps the everted tube eliminating the
potential for any additional growth. Further growth after balloon deployment allows for a

more flexible design and an increase in potential applications of these types of tubes.

Balloon everter friction required the highest tube pressure to overcome. For everted
tube deployment into the airway, it is desirable to deploy the tube at the lowest and safest
pressures to limit tissue damage. Sources of friction, such as balloon everter friction, should

be considered and minimized during the design process.



42

4.6 Discussion: Eversion Within Phantom

Eversion pressures within the phantom indicate that an everted tube could safely deploy into
the airway. Our everted tube shows maximum deployment pressures 36% and 20% less than
the insertion pressures of the ILMA and LMAs, 28% on average. Maximum deployment pres-
sure is 87% and 75% lower insertion pressures for Macintosh and Glidescope Laryngoscopes,
82% on average. The maximum force applied at the tip of the everted tube is approximately
8N at a CP of 179 cmH50O, significantly less than forces applied during intubation, which
are between 20N and 39N [26]32]. In addition to insertion pressures, an ILMA exerts 394
c¢cmH>0 during an up-down handle maneuver required to re-position a down-folded epiglottis.
This maneuver would likely not be necessary for an everted airway: during deployment, the
everted tube did not down-fold the epiglottis. However, the effects on deployment of the
normally-closed esophageal sphincter still need to be investigated. An additional benefit is
that everted tubes do not slide as they deploy, eliminating significant shear stress on airway

tissues.

4.7 Discussion: Balloon Sealing Efficacy

Configurations 1, 2, and 4’s sealing performance at the optimal CP of 30 cmH50O is 32 cmH,0
on average this is comparable with the peak AWP supplied using a Medumat Transport
Ventilator (31 cmH50) [49]. An AWP of 32 cmH,0 is also comparable to the performance
of an ILMA at an average CP of 80 cmH,0 [26]. Configuration 3 could theoretically achieve
AWP comparable with a ventilator at a CP of 70 cmH,0O and AWP comparable with BVM
sealed AWP at a CP of 39 cmH,O . Sealing at these pressures does limit perfusion but
does not completely stop it. The optimal cuff pressure for a manual intubation device is 30
cmH0O. At mucosal pressures greater than 34 cmH,0O |, mucosal perfusion begins to decline
as pharyngeal capillaries begin to collapse [7]. Manual devices are unable to seal adequate
AWPs at this CP (Fig. [7]. The recommended cuff pressure for manual intubation
devices is 120 cmH,O [7]. It is important to note that perfusion stops at 140 cmH,O — when
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the patient is at risk of ischemia [7].

The overall performance of everted balloons is promising. They are more compliant
than LMA and ILMAs cuffs and can fully conform to the geometry of the airway without
deforming or damaging the anatomy. In contrast, ILMA and LMA cuffs are composed of an
inextensible balloon wrapped around a rigid preformed airway shape. Configuration 3 shows
the lowest sealing performance. This is likely due to the side air delivery tube not sealing
tightly against the phantom walls. Folds or wrinkles in the inflated balloon could allow for

leaks in the seal.
4.8 Discussion: Airway Pressure Performance

Using an adult-sized BVM, all configurations sealed peak AWP greater than the literature
value of 17 cmH,0 [36]. Configurations 1, 2, and 4 held theoretical AWP greater than all
manual devices tested in a manikin including, an LM A, CombiTube, and Medumat Transport
Ventilator; shown in table [£.2] These results indicate that an everted tube would be a viable
solution for airway management at an emergency scene or a hospital. Sealing capabilities of
configurations 1, 2, and 4 at low CP hold higher AWP than ILMAs, which require higher

cuff pressures that nearly stop mucosal perfusion [26], [7].



Table 4.1:

Forces Applied During Intubation

Applied Pressure

Applied Force
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(cmH,0 ) (N)
Everted Tube 179 8
ILMA [26] 273 - 394 -
LMA |26 224 -
Macintosh Laryngoscope
, 1,326 39
(Manikin) [8]
GlideScope Laryngoscope
_ 714 27
(Manikin) [8]
Macintosh Laryngoscope
- 20

(in vivo) [32]



Table 4.2: Supplied Airway Pressures
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Theoretical
Average Pressure Peak Pressure
(emH,0 ) (emH,0 ) Max
cm cm
’ ’ (cmH0 )
BVM |36] - 17 -
LMA [36 - 21 -
CombiTube [36] - 27 -
Medumat Transport
, 18.4 31 -
Ventilator [49]
Compression
_ 1.3 3.9 -
Only [49]
Everted Config 1 (Std Dev) 8.6 (1.3) 25.5 (3.2) 74.6 (2)
Everted Config 2 (Std Dev) 12.1 (1.1) 42.1 (3.6) 76 (3.3)
Everted Config 3 (Std Dev) 6.0 (0.7) 19.1 (4.2) 20.6 (3)
Everted Config 4 (Std Dev) 9.7 (1.8) 32.8 (3.6) 54.6 (4.3)
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Inflated Beam Model

5.1.1 Limitations and Future Work

While the solution of an inflated cantilever beam is easy to compute and useful in static con-
ditions, it does not have a closed-form solution. Determining theoretical max tip deflection
or applied wall force from tip deflection requires iterative solving, which may be too slow for
real-time control.

In the future, bi-axial testing of composite tube materials should be conducted to improve
models of transverse buckling. Additionally, experiments should be done to extend these
models to better describe the kinematics of everted tubes. Active pressure control should
be studied for the kinematic control of everted tubes, thus maintaining the benefits of soft

robots.

5.1.2 Conclusions

This study validates the current assumption that an everted tube can be modeled like an
inflated beam. Our results confirm that the deflection and curvature of an LDPE everted
tube can be accurately modeled using inflated beam theory. Beams composed of composite
materials, like silicone-coated nylon, are not as accurately modeled. However, the model
overestimates the exact buckling condition across all materials tested. Data indicates that
everted tube buckling was better described by a maximum displacement rather than a max-
imum loading condition. The model can be iteratively solved to determine curvature from

environmental displacements and applied loads to the environment.
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5.2 Emergency Airway Device

5.2.1 Limitations and Future Work

Performance metrics were measured within a simplified straight phantom and a 2x silicone
anatomy approximation but will soon be tested on an intubation manikin. To evaluate
the emergency breath capabilities of an everted tube, a calibrated test lung and flow ana-
lyzer should be used to measure tidal volumes and flow rates from a ventilator. Interaction
forces between the everted tube and airway tissues should be measured to provide a better

indication of the device’s safety.

5.2.2 Conclusions

The results of this study provide a starting place for additional research on the kinematics and
modeling of everted tubes. Within a simplified phantom, deployment and air delivery per-
formance show viability for advanced airway management. Furthermore, an everted tube’s
ability to passively navigate the airway ensures proper deployment. This eversion application
can simplify the emergency airway management process for highly trained paramedics and

bystanders alike.
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