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Abstract

Flow limitation occurs when increased expiratory effort no longer increases airflow because the airway itself
becomes the limiting factor. It underlies the spirometric findings of obstructive diseases such as asthma and
chronic obstructive pulmonary disease (COPD), which together cause millions of deaths annually [1, 2]. The
mechanism is conceptually demanding for medical students and fellows, and existing resources do not convey it
physically. Computational fluid dynamics and wave-speed models either omit external pressure or exist only in
silico, and static anatomical models cannot show dynamic compression [3, 4]. This project presents a physical
teaching model that demonstrates the equal pressure point and a choke point moving distally during forced
expiration. The proposed final design is a 20 x 20 x 20 cm sealed chamber containing a branching airway based
on the stochastic model, 3D-printed from Formlabs Elastic 5S0A, with water balloons representing the alveoli.
Compressed air and vacuum lines control the pressure surrounding the airway. Testing comprises pressure
characterization of the balloons, finite element analysis in SolidWorks, tensile comparison with the previous
year's airway on an MTS machine, and at least ten simulated forced expirations recorded on video and analyzed
in ImageJ. A successful trial requires at least a 50% reduction in airway diameter and distal movement of the
choke point. These evaluations will determine whether the model reproduces flow limitation reliably enough to
support an educational video for teaching spirometry and obstructive airway disease.
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Introduction

Chronic obstructive pulmonary disease (COPD) and asthma are major contributors to global respiratory
morbidity and mortality. COPD caused an estimated 3.4 million deaths in 2023 and is the third leading cause of
death worldwide [5]. Asthma affected approximately 262 million people and caused 455,000 deaths in 2019,
predominantly in lower-middle-income countries, where under-diagnosis and under-treatment persist [2].
Spirometry is central to the diagnosis and monitoring of obstructive diseases, and interpreting its flow-volume
curves requires an understanding of the airway mechanics that shape them [6]. The deterministic factor is flow
limitation, where once the airway is compressed during forced expiration, airflow becomes independent of
expiratory effort [1]. Flow limitation can occur in healthy individuals during forced expiration. In obstructive
diseases, however, reduced structural support of the airway wall and diminished elastic recoil makes the airways
more collapsible, so that the choke point forms at lower flows and lung volumes and becomes pronounced. This
is conceptually demanding as it contradicts the intuition that greater effort yields greater flow, and it is difficult
to convey with text or static diagrams because the compression varies dynamically along the airway. Existing
resources, however, do not convey this mechanism physically. The computational fluid dynamics model
developed at Yamaguchi University reconstructs airway geometry from CT data but omits external pressure and
therefore cannot represent pressure drops or choke points [3]. The Polak and Yutchen model describes
wave-speed flow limitation and choke point formation across the bronchial tree, but only in silico [4]. As a
result, learners cannot observe the equal pressure point and choke point develop and migrate distally through a
compliant, branching airway. A physical model that reproduces this dynamic compression is therefore needed to
support instruction on the mechanics underlying spirometry in obstructive disease.

Background and Required Research

The human respiratory system is a complex system of branching airways through approximately 23
generations, starting at the trachea and ending at the alveoli. Understanding the anatomy of the human airways
is essential to properly model these structures.

During forced expiration, the positive pressure inside the chest cavity, known as pleural pressure,
compresses the flexible airways inside of the lungs. As airflow moves proximally towards the mouth, frictional
resistance from airway walls causes internal pressure to decrease. At the location at which the internal airway
pressure falls below the plural pressure, the equal pressure point, the airway wall compresses. This commonly
occurs within the first few generations of the airways. When air velocity reaches the speed of pressure waves
moving along the flexible walls, a choke point is formed which prevents further increases in expiration
regardless of added effort [7, 8].

The movement of chokepoints is heavily governed by the internal geometry of the bronchial tree. While
airways have been before modeled with symmetrical branching across generations, the anatomy of the human
lungs is essentially stochastic with asymmetrical branch length, angles, and diameters across early generations
which creates localized flow resistance and unequal pressures. Incorporating stochastic branching into airway
modeling is therefore critical to showcase chokepoint formation and movement [9].

Alongside geometry, physical tissue properties of the lung airways is important to consider when
determining how easily a segment may collapse when under pressure. The bronchial tree is made of a gradient



of different tissues, with more cartilaginous tissue at the trachea, and almost solely more flexible smooth muscle
in later generations of the bronchioles [10]. Additionally, late generation of the airways are physically anchored
to the elastic alveolar network which creates a grip on the airways to resist collapse. Modeling both the
differences in wall compliance and alveoli elasticity are crucial to create a physiologically accurate model of
flow limitation during forced expiration.

Client Information

The client for this project is Dr. Green, a retired pulmonologist and current educator to medical students.
In order to more effectively teach his students, Dr. Green requires a physical aid and educational video to play
that can adequately demonstrate airway collapse, chokepoint formation, and the distal movement of chokepoints
during forced expiration.

Design Specifications

The physical 3D printed airway must accurately represent human physiology from the main bronchi and
through subsequent generations. The model must fit inside of the existing pressure chamber which creates a size
restraint of no larger than 15 cm and the wall thickness and dimension will be accurate based on realistic airway
ratios between subsequent branches. When the choke points are formed there will be a 50% decrease in lumen
size, and it must be able to withstand repeated pressure cycles during testing. Finally, the complete assembly
including the production of the airway, balloon elastics, and chamber parts must be fabricated within a budget
of under $1000 and completed before the end of the semester. A full description of the product design
specifications can be seen in Appendix A.

Preliminary Materials Designs and Evaluation

Material Preliminary Designs

Figure 1: Formlabs Flexible 80A Resin Depiction [11]



The first material option is FormLabs Flexible 80A, which is a resin filament available for 3D printing
on the FormLabs Form 4 printers in the Design Innovation Lab at Wendt. Flexible 80A is a hard flexible resin
with a shore hardness of 80A and a relatively high ultimate tensile strength of 8.9 MPa [11]. Flexible 80A is
known for its durability in bending, flexing, and compression as one of the stiffest soft/elastic resins available
from FormLabs [11]. It is available for print in clear, white, and black.

Figure 2: FormLabs Flexible 50A Resin Depiction [12]

The second material option is FormLabs Flexible S0A Resin, which is a photopolymer elastomer used to
3D print parts that closely mimic the feel and behavior of molded silicon. It is widely used in soft-tissue
anatomical models and medical stimulation devices because it prints transparent, allowing visibility into internal
features, and can be shaped directly through SLA printing rather than casting. Its greatest strength lies in its
high elasticity and rapid springback, with an elongation at break of 160% and a tear strength of 12.3 kN/m that
allow it to bend, stretch, and compress through repeated cycles without tearing [12, 13]. However, its relatively
low durometer (50A) and a lower ultimate tensile strength of 3.4 MPa, and its tendency to remain slighting
tacky unless post-curing and finishing steps are followed carefully limit its use as a rigid structural component

[12].

Figure 3: Smooth-On Mold Star 31T Silicone Depiction [14]



The third material option is Smooth-On Mold Star, which is a platinum silicone that is tear-resistant and
exhibits very low shrinkage over time. Because of its low viscosity, vacuum degassing of the mold to eliminate
trapped air is rarely necessary, and its 1A:1B mix ratio by volume eliminates the need for precise weighing. The
Mold Star 31T silicone has a 30A Shore hardness, a tensile strength of 2.9 MPa, and an elongation at break of
400%. The relatively long cure time of 6 hours allows ample time to pour the silicone accurately and makes
premature curing less likely [15]. In order to successfully fabricate the airway, a sacrificial mold will be 3D
printed using polyvinyl alcohol (PVA), a polymer known for its excellent water-solubility [16]. Mold Star 31T
is waterproof and heat resistant, meaning that it will be possible to fully dissolve the PVA material used for the
sacrificial mold without harming the airway model.

Table 1: The design matrix for 3D printing material choices

Design 1: FormLabs
Flexible 80A

Design 2: FormLabs

Flexible 50A

Design 3: Smooth-On Mold
Star 31T Silicone

Criteria Weight | Score |Weighted Score | Score | Weighted Score [Score Weighted Score
Flexibility 35 3/5 21 4/5 28 5/5 35
Ease of
Fabrication 30 4/5 24 4/5 24 2/5 12
Strength and
Durability 15 5/5 15 4/5 12 3/5 9
Size Restriction 10 2/5 4 2/5 4 3/5 6
Price 5 3/5 3 3/5 3 2/5 2
Transparency 5 4/5 4 3/5 3 2/5 2
Total 100 71 74 66




Criteria #1: Flexibility

This criterion evaluates the extent to which the selected material exhibits wall compliance sufficient to
undergo visible and repeatable narrowing under transmural pressure during simulated forced expiration. This is
a critical part of the material selection, as a component that is too rigid will fail to collapse at all, while one that
deforms plastically will compromise the reproducibility of the flow-volume behavior across the testing the
device must undergo. Therefore this criterion is weighted at 35. Design 3, Smooth-On Mold Star 31T Silicone,
is scored at 5/5. Smooth-On Mold Star 31T Silicone is cast at a low shore hardness of 30A, giving it the lowest
elastic modulus of the three candidates and the greatest capacity for smooth, reproducible collapse under low
transmural pressures. Additionally, Smooth-On Mold Star Silicone’s high elongation at break of 400% and
strong elastic recovery after repeated deformation cycles, indicated by its 100% Modulus of 47 psi, make it the
closest match to the compliance of a real airway wall [15]. Design 2, Flexible 50A, is scored at 4/5. Its lower
shore hardness of 50A, 160% elongation at break, and rapid elastic springback make it substantially more
capable of undergoing the visible, reversible deformation the flow-limitation mechanism requires [13].
Design 1, Flexible 80A, is scored at 3/5. While, it is marketed as one of the more flexible resins FormLabs
offers, its shore hardness of 80A and comparatively high tensile strength of 8.9 MPa place it closer to a
semi-rigid material rather than a compliant one [17].

Criteria #2: Ease of Fabrication

This criterion demonstrates how easily each material can be utilized to become part of the finished
airway segment, given the fabrication resources available in the Wendt and Grainger labs and the time
constraints of the project. This is an important consideration, as the device is single-use and must be produced
within the project timeline. So, a material requiring excessive tooling, iteration, or manual post-processing
introduces schedule risk, even if its mechanical properties are otherwise well suited. Therefore, this criterion is
weighted at 30. Design 1, Flexible 80A, is scored at 4/5. As a resin compatible with the FormLabs Form 4
printers already available in the Design Innovation Lab, it can be printed directly from a CAD file [18].
Standard FormLabs post-processing, consisting of an isopropyl alcohol wash and UV post-cure, is well
documented and fast, and the material’s relative stiffness makes it less prone to print defects such as sagging or
tearing during support removal [19]. Design 2, Flexible 50A, is scored at 4/5. It is also directly SLA-printable
on the same Form 4 printers, preserving the single-step fabrication advantage of Design 1 [18]. However, its
low durometer and tacky uncured surface make print handling and post-processing more delicate, since the
supports are more difficult to remove cleanly without tearing the part, and through washing and post-curing are
required to eliminate surface tackiness before the part is usable [19]. Design 3, Smooth-On Mold Star Silicone,
is scored at 2/5. Unlike the two resin options, 31T Silicone cannot be 3D printed directly, and instead a mold
must be fabricated. The outside of the mold will be designed using PLA, while the inner cylindrical mold will
be made of PVA. Then, the silicone must be mixed, degassed to avoid trapped air bubbles that could
compromise wall integrity, poured, and cured before the mold can be removed. The inner mold will be
dissolved with a solution of H 20, and then the 31T Silicone will be removed from the outer PLA mold [15, 16].

Each of the steps adds time and potential failure points, and any change to airway geometry requires a new or
modified mold rather than a simple reprint.



Criteria #3: Strength and Durability

This criterion focuses on the ability of the airway material to withstand the necessary forces caused by
simulated respiration and flow limitation, and to continue withstanding these forces over time such that it can be
used for future demonstrations. It is important that the airway withstand respiration throughout testing, but since
the end product will be used for a video demonstration, the durability is not crucial to the project’s success.
Because of these considerations, this criterion was given a weight of 15. Design 1, Flexible 80A, was given a
rating of 5/5 due to its high tensile strength of 8.9 MPa and its reported durability throughout testing [11].
Design 2, Flexible 50A, was given a rating of 4/5. Its tensile strength of 3.4 MPa is lower than that of Flexible
80A, but still sufficient for the needs of this project, and it has a relatively high tear strength of 12.3 kN/m [13].
Design 3, Smooth-On Mold Star 31T, was given a lower rating of 3/5. Its tensile strength of 2.89 MPa is lower
than that of both resin options, but its significant elongation at break of 339%, lower shore hardness, and 100%
Modulus of 47 psi, allows for greater elasticity, demonstrating that it will better withstand repeated stresses over
time [15].

Criteria #4: Size Restriction

This criterion evaluates the size constraints on each design due to their respective 3D printer buildable
dimensions. Fabricating the device in multiple pieces and joining them together introduces unnecessary risk and
may impact the flow of air through the tube, so it is crucial that the airway be fabricated in one solid piece.
Additionally, having sufficient length is vital to ensure that the choke point movement distally through the
airway is clearly visible. However, airway length is ultimately capped by the dimensions of the current vacuum
box (203.2 mm x 203.2 mm x 203.2 mm), and because all candidate printer build envelopes either exceed this
length or fall short by a minimal difference, the size constraints have a marginal effect on the actual size of the
fabricated part. For this reason, the size restriction criterion was given a weight of only 10. Design 3,
Smooth-On Mold Star 31T, was given a score of 3/5. While the material itself does not have any size
constraints, the silicone will be set using a mold made of PVA, and this mold will be printed using the
Ultimaker 3 Extended (Dual Nozzle) found in the Polymer Engineering Center on campus. The Ultimaker has a
build envelope of 215mm by 215mm by 300mm, which is slightly larger than the Form 4 build envelope,
yielding a slightly higher score [20]. Design 1, FormLabs Flexible 80A, and Design 2, FormLabs Flexible 50A,
are both given a score of 2/5. Both would be fabricated using the Form 4 FormLabs SLA printer in the Design
Innovation lab, which has a build envelope of 200mm by 125mm by 210mm [21].

Criteria #5: Price

This criterion evaluates how well each material fits within the proposed budget offered by our client of
$1,000. This budget includes costs associated with the project as a whole, and therefore includes the cost of
potentially printing multiple iterations of the design as well as any supporting materials associated with using
each material. This is an important consideration as it is a vital requirement that the project expenses do not
exceed the budget, and a highly expensive material may limit the amount of testing and iterating the team is
able to complete. While price is an important consideration, the overall budget is sizable and based on
conversations with the client can be adjusted if necessary, so price is not the most major concern at this time.
For these reasons, price is weighted at 5 within the design matrix. Designs 1 and 2, FormLabs Flexible 80A and
Formlabs Flexible S0A respectively, are both available for printing through the Grainger Engineering Design
Innovation Lab at Wendt Commons and are priced at $0.29/g [20]. Both materials are therefore easily accessible
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for printing as the team will not have to go through an outside vendor and are relatively inexpensive for printing
a small-to-medium sized design, giving them both an equal score of 3/5. Design 3, the Smooth-On Mold Star
31T Silicone, was given the lowest score of 2/5 in this category. The silicone itself has an average price of
$0.04/g [14]. As part of the molding process, the team will also have to 3D print the molds for the silicone to fill
in order to take on the shape of the airway. PLA, with a price of $0.02/g, would be used to mold the outer
diameter of the model, while dissolvable PVA, with a price of $0.13/g, would be used to mold the inner
diameter for easy removal [20, 22]. It is likely that the team will need to print a larger volume of material in
order to create the mold than would be necessary if Flexible S0A or 80A were used to print the airway directly,
and the projected learning curve for silicone molding creates a potential for wasted material that would increase
cost. The higher volume of material required makes Smooth-On Mold Star 31T Silicone the most expensive
proposed design option despite the lower cost per gram, yielding a lower overall score in this category.

Criteria #6: Transparency

This criterion evaluates the extent to which each material is truly clear, allowing choke points to be more
visible as compression of all sides of the airway will be visible from a single angle. This is an important
consideration as a more transparent material will assist the device in its main purpose of visibly demonstrating
choke point movement, especially considering that this movement must be successfully captured on a video
where multiple angles may not be available. While transparency is not a make-or-break factor in the design, the
increased demonstrability that a more transparent material will give the model contributes to the weight of 5 of
this category in the design matrix. Design 1, Flexible 80A, was scored a 4/5 in this category based on visual
inspection on the FormLabs website and example prints available in the Design Innovation Lab at Wendt [12].
Design 2, Flexible 50A, was scored lower at 3/5 in this category based on similar inspection [11]. While both
50A and 80A are mostly transparent, when placed side by side with a similar device printed in 50A, it is
apparent that 80A is noticeably clearer. Design 3, Smooth-On Mold Star 31T Silicone, scored the lowest at a 2/5
in this category. Visual inspection was performed on example molds created from the 31T Silicone similar to
that performed on Flexible 80A and 50A. While the silicone was also transparent, the material was significantly
more opaque than Flexible 80A or 50A, decreasing the overall score in this category [14].

Final Design Justification:

FormLabs Elastic 50A is the winning material across the six evaluated criteria. It is cost-effective and
directly SLA-printable. This preserves the ease of fabrication of Flexible 80A while avoiding the
time-constraint risk of silicone molding with 31T Silicone. Its low shore hardness and high elongation at break
give it the flexibility needed to reproduce visible, repeatable airway collapse, an advantage that outweighs its
lower strength and durability relative to Flexible 80A. Specifically, since the device is intended for a single
video demonstration rather than long-term use. It also performs adequately on size restriction and transparency,
with no significant weaknesses to offset its strong performance in the two most heavily weighted criteria.
Overall, all three materials were viable options for the airway component, but Flexible 50A best balances
compliance and fabricability for this project's needs.
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Airway Preliminary Designs

Figure 4: Symmetric Model Depiction. In this model, L is the left bronchus, R is the right bronchus, and F and
B are the daughter branches at the subsequent bifurcation.

The Symmetric Model used is based on Weibel’s morphometric model of the lung, which defines
specified branching ratios from generation to generation, and represents the left and right airway trees as
geometric mirrors of one another [23]. The greatest strength of this model is the ease of SolidWorks modeling
and manufacturing, since both sides of the airway share the same dimensions, substantially reducing design and
fabrication complexity. A major drawback of this model is the physiological inaccuracy, since the dimensions
and branching distribution of the left and right sections of a human airway differ and are not symmetrical [23].
Additionally, the literature supporting this design does not include all of the necessary information for full 3D
reconstruction, such as branching angles and rotational orientation between generations, and characterizes only
the first few generations which does not extend to the region flow limitation occurs [23].

Figure 5: Asymmetric Model Depiction. In this model, L is the left bronchus, R is the right bronchus, and F and
B are the daughter branches at the subsequent bifurcation.
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The Asymmetric Model is based on Weibel’s morphometric model of the lung and has been modified by
Liu et al. to account for physiological asymmetry between the left and right airway sections [23, 24]. Rather
than treating the two airway sections as mirror images, this model applies differing branching ratios to each
side, reflecting the known anatomical divergence between the left (L) and right (R) bronchial trees, as illustrated
in Figure 2. The asymmetric design more accurately represents airway geometry, which aids in the modeling of
flow limitation and learner comprehension. This design is also able to be modeled and manufactured relatively
easily. The major limitation of the Asymmetric Model is the limited branching generation and angle literature to
support the dimensions needed for the modeling [24].

\
B

L

Figure 6: Stochastic Model Depiction. In this model, L is the left bronchus, R is the right bronchus, and F and
B are the daughter branches at the subsequent bifurcation.

The third design is the Stochastic Model, modeled by Hoffman, which introduces a degree of
randomness to generate the branching angles, diameter, and length of the bifurcations within the airway [23].
This model generated a large data set with the necessary information to create a physiologically accurate model
by modeling the correct region where flow limitation occurs, and accounting for the natural irregularities found
in the human airway [23]. The primary limitation of this model is increased manufacturing and modeling
difficulty, due to each branch having slightly different dimensions. This variability will require more careful,
branch-by-branch modeling in SolidWorks, and could introduce additional issues in the fabrication of the
airway.
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Table 2: The design matrix for modeling airway choices

Design 1: Symmetric
Model

Design 2: Asymmetric
Model

Design 3: Stochastic

Criteria 'Weight | Score |Weighted Score | Score | Weighted Score |Score Weighted Score
Physiologically
Accurate 30 2/5 12 4/5 24 5/5 30
Manufacturing
Feasibility 20 5/5 20 4/5 16 3/5 12
Modeling
Feasibility 20 5/5 20 4/5 16 3/5 12
Supported
Literature 15 1/5 3 2/5 6 5/5 15
Pathological
Adaptability 10 3/5 6 3/5 6 4/5 8
Durability 5 5/5 5 3/5 3 3/5 3
Total 100 66 71 80

Criteria #1: Physiologically Accurate

This criterion evaluates the ability of the model to physiologically match the dimensions of the human
body. Physiologically accurate geometry is not only beneficial for learners to understand anatomical
correctness, but also for generating a more precise flow limitation. Airway dimensions vary across individuals,
so an accurate model should also strive to represent as broad and inclusive a population as possible rather than a
single fixed anatomy. Due to the importance of this accuracy needed for teaching and modeling flow limitation,
this criterion is weighted at 30. Design 3, the Stochastic Model, received a 5/5, as the asymmetry and random
nature of the branching closely approximate the physiological bifurcations of the airway [23]. The Stochastic
Model also captures the difference between the anatomically asymmetrical right and left halves of the airway
more accurately than the fixed geometric ratio [23]. The randomness also allows the model to represent a
broader population of people, since specific airway dimensions differ from person to person. Design 2, the
Asymmetric Model, earned a 4/5, as it encompasses some aspects of the physiological airway with unequal
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branching angles and dimensions between the right and left sections of the airway, but lacks the irregular ratios
present between successive generations of bronchioles [23]. Design 1, the Symmetric Model, oversimplifies the
airway geometry and does not account for the differences in distribution and dimensions of the left and right
sections of the airway, and for this reason, the Symmetric Model received a 2/5.

Criteria #2: Manufacturing Feasibility

Manufacturing feasibility is weighted at 20, because the airway model needs to be physically
manufactured successfully for the final device to function as intended. A design that cannot be manufactured
efficiently or accurately would be impractical for the project timeline, even if it outperforms alternative designs
in other criteria. The three airway designs differ in how easily they can be manufactured, as branch density and
orientation directly affect manufacturing complexity. Higher branch density and more pronounced directional
variation can produce sharper angles and undercuts, which may require the model to be fabricated in multiple
sections[25]. Design 1, the Symmetric Model, received a 5/5, because its branches have more consistent spacing
and orientation which simplifies the manufacturing process. Design 2, the Asymmetric Model, received a score
of 4/5, as it has varying branch angles and positions which introduces moderately greater manufacturing
complexity relative to the Symmetric Model. Design 3, the Stochastic Model, is the most complex of the three,
due to its irregular branching geometry, giving it the score of 3/5. As the branches converge more closely
together and their orientations shift further inward or outward, sharper angles and undercuts are more likely to
form requiring the model to be divided during manufacturing [25].

Criteria #3: Modeling Feasibility

Modeling feasibility is weighted at 20 because creating an accurate and functional SolidWorks model is
necessary before the airway can be manufactured and tested. A design that is too difficult or time-consuming to
model could hinder the team's ability to modify the geometry and meet client requirements. The three airway
designs will vary in how they can be modeled in SolidWorks, making it important to assess the relative
modeling feasibility of each. Previous airway modeling research found that digital modifications will be
necessary when the original geometry creates difficulties, including cutting an open channel into the airway
model [26]. Design 1, the symmetric design, received a 5/5 because its four branches uses more consistent
dimensions, angles, and repeated features, thus making the model easier to create and modify. Using individual
airway models allows changes to be made to more specific parts of the model without having to redesign the
entire prototype [26]. Design 2, the asymmetrical design, received a score of 4/5, as its varying branch angles
and positions require more individually defined dimensions and, consequently, more elements to be modified
within SolidWorks. Design 3, the stochastic design, contains the most irregular branch arrangement and would
require the greatest number of geometric modifications; when modeling complex airway geometries, accurately
and digitally replicating and assembling the structure requires additional revisions and testing [26]. For this
reason, the stochastic design received a score of 3/5, reflecting the added time and difficulty associated with its
branch complexity.

Criteria #4: Supported Literature

The mathematical dimensions of the airway model should be supported by previously completed studies
to ensure anatomical compliance and modeling accuracy. This criterion is weighted at 15, as closely mirroring
established airway dimensions is necessary to accurately model flow limitation, and prior studies provide a
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stronger basis for dimensional accuracy than assumed or estimated values. Design 3, the Stochastic Model,
scored a 5/5 for this criterion, as its supporting literature provides branching angles, diameters, and lengths
across a large number of bifurcation generations [23]. The information provided in the diverse data set can allow
accurate modeling of different regions of the airway to model flow limitation. Design 2, the Asymmetric Model,
earned a score of 2/5, while it is defined across multiple generations, this coverage does not extend to the same
degree as the Stochastic Model, and the underlying data does not capture changes in branching angle [24].
Design 1, the Symmetric Model, is a fundamental model that has been used in many subsequent studies [23].
The model is limited to the first five bifurcations, which is not the accurate airway region for flow limitation,
and also does not include the necessary branching angles that would affect airflow [23]. Due to these limitations,
the Symmetric Model received a score of 1/5.

Criteria #5: Pathological Adaptability

This criterion focuses on the ability of the models to represent the bronchioles of a human and its ability
to accurately represent the presence of diseases that are linked to having an effect on flow limitation. It is
weighted at 10 because although it is an important aspect in educational terms, the client did not specifically
request that the model represents more than a normal set of airways. Design 3, the Stochastic Model, received a
4/5 because of the realistic pulmonary representation of disease such as ARDS, emphysema, and idiopathic
pulmonary fibrosis, creating unpredictable and random distributions of flow and pressures. Irregular bronchiole
length and changing subcardinal angles makes the Stochastic Model the most adaptable to model complex
diseased airways [27]. Design 1, the Symmetric Model, is based on geometrical branching with identical
dimensions that split airway flow and pressure evenly throughout. This baseline model cannot inherently display
the effects of diseases; hence, receiving a 3/5. This symmetrical design is commonly used with symmetrical
dichotomous branching to get baseline flow rates and uniform fluid dynamics [28]. Design 2, the Asymmetric
Model, also received a 3/5 because it does a better job incorporating anatomical imbalance through varying
branch length and bifurcation angles, which can display pressure imbalances. This model also better represents
realistic branching rations and varying ventilation which are both crucial to survival [29]. However, its
limitation lies in the fixed asymmetry instead of a dynamic representation of disease.

Criteria #6: Durability

Durability evaluates the design and its structural integrity, pressure resistance in a vacuum chamber and
its longevity. Because this device will be displayed using a video demonstration, durability is a minor
consideration, resulting in a weighting of 5. Design 1, the Symmetric Model, scored the highest with a 5/5
because of its geometric ratios and consistent branching. This creates even pressures throughout and reduces
strain on branch joints. It also reduces the chance of high pressure points forming and cracking during repeated
testing. Design 2, the Asymmetric Model, scored a 3/5 because it introduces asymmetric branching and
bronchial lengths. This forces air pressures to push unevenly along the airways which creates issues that
interfere with a need for thicker walls versus the realistic ratio between lumen opening and the wall thickness
dimension. Design 3, the Stochastic Model, also scored a 3/5 because it carries the highest risk of failure due to
its total randomness and irregular branching. These can create weak seams during manufacturing and high stress
points which are far more likely to cause damage under repeated testing pressure cycles. This criterion is
weighted at only 5, because although the integrity of our model is important, the dimensions of the models will
be fairly consistent regardless and we are confident in the strength of the materials at the desired dimensions.
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Final Design Justification

The winning design is the Stochastic Model. This design scored the highest in three of the six criteria
categories. Physiological accuracy is the most important aspect of the design to accurately model flow
limitation, both with seeing the choke points and the correct anatomy for the learners to see. This design also
has the most supportive literature which will ensure the dimensions are comparable to the human airway and
has the data to support the necessary dimensions such as branching angles and particular further generations that
are closer to where flow limitation occurs. The stochastic design also has the highest pathological adaptability
to model pulmonary diseases which could be explored in the design to increase academic relevance.

Alveoli Preliminary Designs

Figure 7: Depiction of Water Balloons [30]

Water balloons are typically manufactured from natural rubber latex to enhance elasticity and flexibility
[31]. Their thin walled latex geometry allows them to stretch and inflate easily under low air pressures [31]. The
compact size and narrow neck make them aesthetically similar to alveoli and have a convenient fitting over the
bronchial attachments. Because the thin material is engineered to tear or pop under stress, these balloons have a
lower overall durability and higher likelihood of bursting during the testing process [31]. Water balloons would
be easy to obtain as the team can be quickly ordered online in large quantities or purchased at retail stores for

low prices.

Figure 8: Depiction of Latex Balloons [32]
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Latex balloons are made from natural rubber and are one of the most common and affordable types of

balloons available [33]. Latex is also highly stretchable, allowing the balloons to expand and change when they
are inflated [33]. This elasticity could make the latex balloon useful for modeling the expansion and contraction
of the alveoli during flow limitation. Latex balloons are available in many sizes and can be easily inflated with

air, making them a practical option for the airway model. It is important to note that latex is sensitive to friction,

heat, and time, which may affect the balloon's durability during the testing process [33].

Figure 9: Depiction of Stryker Transform Occlusion Balloon Catheter [34]

The Stryker TransForm is specifically designed for use in medical devices and catheter-based
applications [35]. They are available in three different design types: compliant, semi-compliant, and
non-compliant [35]. For this design, a compliant medical balloon would be useful because it can expand when
pressure is applied, allowing it to model the expansion and contraction of alveoli. This design could provide a
more controlled and realistic representation of alveoli expansion, although the nature of the medical-grade
balloon may make it more expensive or difficult to obtain.
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Table 3: The design matrix for modeling alveoli choices

Design 1: Water Design 2: Latex Balloons Design 3: Stryker
Balloons Transform Occlusion
Balloon Catheter, Super

Compliant
v LY b ﬂ :
| @
- /4 .
} 3

Weighted
Criteria Weight| Score Score Score | Weighted Score |Score | Weighted Score
Connection
Points 30 4/5 24 2/5 12 5/5 30
Elasticity 25 4/5 20 2/5 10 5/5 25
Durability 25 3/5 15 4/5 20 2/5 10
Price 15 5/5 15 4/5 12 1/5 3
Size 5 5/5 5 3/5 3 4/5 4
Total 100 79 57 72

Criteria #1: Connection Points

This criterion evaluates how easily and reliably each balloon type can be attached to the bronchi of the
airway model, considering the geometry, thickness, and consistency of the balloon’s neck. Since a poor or
inconsistent connection risks air leakage, premature detachment during testing, or an event where the balloon’s
neck cannot accommodate variation in the diameter of the bronchus, the criterion is weighted at 30. Design 1,
Water Balloons, is scored at 4/5. Water balloons have a short, narrow neck with a relatively thick, consistent
wall, giving it a snug, predictable fit when stretched over the bronchi. Because the neck is short and uniform, it
can be quickly secured with a simple tie, a small clamp, or minimal adhesive [36]. This makes it efficient to
attach and reposition across multiple bronchial branches, although the small neck diameter does limit how large
a fitting it can accommodate. Design 3, the Stryker TransForm, is scored at 4/5. The Stryker TransForm are
manufactured to tight dimensional tolerances with necks specifically designed for secure attachment to tubing
fittings. However, the neck of the Stryker TransForm is comparably smaller than the dimensions of the airway
geometry of the 3D model. While there are adapters to create a smooth connection between the 12.7 mm to 25.4
mm opening of the 3D-modeled bronchi and the 0.36 mm opening of the Stryker TransForm balloon, it would
introduce another complication into the design. Design 2, Latex Balloons, is scored at 2/5. While the longer
neck offers more surface area to work with, its thinness and higher elasticity make the fit less predictable. The

connection points of the Latex balloon’s 12.7 mm to 19.05 mm neck may stretch unevenly when being fitted
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over the bronchi, giving it the tendency to slip or loosen with handling, and its variable thickness from balloon
to balloon makes achieving a consistent, airtight seal across multiple connection points more difficult [37, 47].

Criteria #2: Elasticity

This criterion evaluates how easily the balloon material stretches and how similar its elastic
characteristics are to those of anatomical alveoli. The elasticity of alveoli is a key factor in generating accurate
movement of the choke point, because as alveoli volume decreases during expiration, their elastic recoil
pressure drastically drops, resulting in a pressure differential that causes the choke point to move distally [38].
Without this drop in elastic recoil pressure throughout expiration, the choke point will not move. Therefore, this
criterion was given a relatively high importance of 25. Design 3, the medical grade balloon, ranked highest at
5/5. According to ISO 10555-4, catheter balloons categorized as “super-compliant” are designed with extremely
high elasticity in order to expand easily at a very low expansion pressure [39]. The Stryker TransForm is
designed to expand predictably and uniformly with no high initial resistance [40]. In contrast, Design 1, the
water balloon, exhibits non-linear elasticity with a very high initial inflation pressure [41], making its
performance less anatomically accurate. However, while nonlinear, the elasticity characteristics of water
balloons are sufficient to create the pressure differential needed for choke point movement, resulting in a rating
of 4/5. Design 2, the latex balloon, also exhibits non-linear elasticity and a high initial inflation pressure, and its
slightly lower elasticity compared to Design 1 results in a ranking of 3/5.

Criteria #3: Durability

This criterion impacts device function and longevity. Balloon durability is an important concern as any
damages to the balloons would disrupt airway seals, rendering the device unusable. The balloons must be able
to handle repeated pressure differentials causing inflation and deflation as well as abrasion around the
connection points to the bronchi of the airway model without rupturing. This category is therefore weighted at
25 to account for the importance of balloon durability to the success of the project. Design 2, Latex Balloons, is
scored at a 4/5. The natural latex material and thicker balloon walls contribute to a higher tear resistance, ability
to deal with higher pressures without bursting, and resistance to abrasion, increasing overall durability. Design
1, Water Balloons, is scored at 3/5. Most water balloons on the market are made of natural latex, which is rated
highly for tear resistance [31, 42]. However, water balloons tend to be thinner and are purposefully designed to
burst more easily than normal latex balloons and are therefore rated lower in the durability category. Design 3,
the Stryker TransForm, is scored at 2/5. Compliant medical-grade balloons such as those utilized in
catheter-based applications are designed for use in a low-pressure environment and tend to have a lower burst
pressure than other types of balloons, decreasing their overall durability rating [43].

Criteria #4: Price

The cost of the balloon varies between the different types of balloons. To be able to fit in the budget of
$1000 for materials the client has provided and obtain the other necessary materials to model the airway, while
obtaining at least 4 of the balloons for the final product as well as some extra balloons for testing, the cost of
each balloon should be relatively low. The water balloons scored highest of a 5/5 in this matrix as they are the
least expensive balloon option and are readily available, allowing for less competition in price [44]. Latex
balloons received a score of 4/5 because they still have a relatively low cost, but are slightly more expensive
than the water balloons [45]. These balloons are also easily found, which keeps the competitive price low. The
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medical grade balloons received the lowest score of 1/5. This is due to the fact that most balloons are sold in a
catheter balloon system and are unable to be purchased on their own or are used sparingly and thus there is
more competition for the price [46]. The extra materials that accompany the balloons and difficulty in
availability of the medical grade balloons cause the increased price and contribute to the low score for this
design.

Criteria #5: Size

This criterion assesses the general size representation of the balloons and their physiological accuracy
relative to the dimensions of the airway model. This criterion is weighted at only 5, as size representation is a
secondary consideration relative to function performance. A minor deviation in balloon dimension does not
compromise the model’s ability to simulate flow limitation or airway collapse, and any size discrepancy can be
partially offset though calibration of inflation pressure or tubing diameter during testing. Design 1, Water
Balloons, received the highest score of 5/5, due to their accurate anatomical representation and its assumed
compatibility to the airway model. These balloons when inflated are around 12.7-15.2 ¢cm in size and 7.62 cm
when deflated with around an 1.27 cm stretchy latex opening [44]. Design 3, the Catheter Balloon, received a
4/5 due to their smaller size. With an inflated size of around 7 mm by 7 mm, these balloons do not create an
accurate size representation in proportion to the size of the airway model [47]. Design 2, Latex Balloons, scored
3/5 due to its comparatively large size of around 30.48 cm when fully inflated. Assuming they inflate anywhere
close to their max inflation, these balloons will not only be misproportionate but they will also take up too much
space and be a poor representation of realistic dimensions. While these balloons are deflated they are around
10.2 to 12.7 cm which is also too large and a poor representation of the correct anatomy [45].

Final Design Justification

The winning design is the water balloons because they provide the best overall balance of connection
points, elasticity, durability, price, and size of the airway model. Even though the medical-grade balloons scored
higher in the connection points and elasticity, their higher cost and lower durability and smaller size make them
less practical for the final design. Latex balloons offered a better durability than the water balloons, but their
larger size and connection point reliability make them less accurate for modeling the alveoli. Water balloons
provide secure connection to the bronchial tubing section and sufficient elasticity to create pressure changes
needed to model the alveoli behavior. The low cost and availability allow the team to purchase additional
balloons for testing and replacement if needed. All in all, the water balloons offer the most practical
combination and are the most suitable choice for the airway model.
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Proposed Final Design
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Figure 10: Proposed Final Design Depiction

The proposed final design is a 20 x 20 x 20 cm sealed chamber housing a branching airway model,
shown in Figure X. The airway follows the stochastic model and is 3D-printed from Formlabs Elastic S0A. It
extends from the lower trachea through successive bifurcations, and a water balloon at the end of each terminal
branch represents an alveolar compartment. The open tracheal end exits the chamber, so the airway interior is
exposed to atmospheric pressure while the surrounding chamber pressure can be controlled independently. This
arrangement allows the chamber pressure to represent the pleural pressure acting on the airway during
breathing.

Compressed air and vacuum lines connect to the top of the chamber through a shared manifold fitted
with a pressure gauge. During the demonstration, compressed air raises the pressure inside the chamber,
simulating the rise in intrathoracic pressure during forced expiration. As this external pressure increases, the
airway walls are compressed wherever the pressure inside the airway falls below the pressure outside it.
Because the pressure within the airway decreases along its length as air flows from the balloons toward the open
end, the compression begins downstream, where the equal pressure point forms, and a choke point develops.
The vacuum line, supplied by a vacuum desiccator acting as a reservoir, lowers the chamber pressure to return
the airway to its uncompressed state between trials and to allow the compression to be repeated reproducibly.
The pressure gauge displays the chamber pressure throughout, so the applied pressure can be linked to the
degree of airway collapse.
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Fabrication

Materials

The branching airway model will be fabricated using FormLabs Flexible 50A Resin, a material that was
chosen based on its high elasticity, adequate tensile strength, and availability at [13]. The alveoli will be
modeled using small latex water balloons, which have sufficient elasticity to create the high pressure needed for
choke point formation. Finally, pleural pressure will be simulated using the vacuum box obtained by the
previous project, which is composed of 20mm-thick pressure-resistant acrylic [48] and includes a gauge to
measure internal pressure. The internal pressure will be created through the combined effects of a vacuum
desiccator and a compressed air source.

Methods

The team will begin with designing the airway in SolidWorks according to the dimensions outlined by
the stochastic model [23]. The part file will be uploaded into the Preform slicing software to be compliant with
the necessary input type, .form, for the FormLabs Form 4 3D printers in the Grainger Design Innovation Lab at
Wendt. A request will be submitted to the staff at the Grainger Design Innovation Lab at Wendt to fulfill the 3D
printing order, and once the prototype has been printed and received, post-process techniques including removal
of supports and finishing of the prototype will be completed. Following the completion of the airway print, the
alveoli-modeling water balloons will be attached to the airway using cyanoacrylate. See Appendix B for
detailed fabrication protocol. The airway and alveoli device will then be inserted into the pressure vessel and
will be secured to the vessel by tape for testing. Once a final prototype has been established, silicone caulk will
be used to adhere the airway model to the box. The pressure vessel will be connected to a vacuum desiccator
and a compressed air source.

Testing and Results

Alveoli Balloon Testing

The added pressure difference created by the expansion of the alveoli is essential to creating the choke
points and is vital to the modeling of this project. Compliance of the water balloons affects the expansion of the
balloons and may be close to physiological internal pressure of the alveoli of about +130 cm H20 which
includes the pleural pressure and elastic recoil pressure [49]. The pressure inside the water balloons will be
determined by continuous measurement with a BMP388 barometric pressure sensor.

A water balloon will be inflated with air using a handheld balloon pump to model the expansion of the
lung during forced exhalation. A BMP388 barometric pressure sensor will be connected to an Arduino Uno
using a STEMMA QT/Qwiic cable with 4-pin male header connectors, powered at 3.3 V (Vin). The Arduino
will simultaneously be connected to a computer running the Arduino IDE (Figure 11).
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Figure 11: Depiction of the set-up of measuring pressure inside an inflating water balloon using a BMP388
Sensor.

The sensor will be sealed within the balloon, and no more than four balloon pump strokes will be
delivered, so that the balloon does not rupture. Each consecutive balloon pump stroke is meant to simulate a
prolonged forced exhalation [50]. No more than four balloon pump strokes will be delivered, so that the balloon
does not rupture. Pressure will be acquired through the Adafruit BMP3XX library, with absolute readings (Pa)
returned by the bmp.pressure call following each bmp.performReading() command. A baseline atmospheric
reading outside the water balloon will be recorded before inflation so that readings can be converted to gauge
pressure using Equation X:

gauge - Pabs - Patm (X)

The resulting pressure-time profiles will be used as input boundary conditions for a 3D model of the

airway, in which flow limitation during forced expiration will be simulated.

Airway SolidWorks FEA Testing

A model of the airway prototype will need to be developed in SolidWorks as a part of the 3D printing
preparation process. Simulations can be run within the SolidWorks interface with the Simulation add-in enabled
in Tools. Geometry and material properties will be applied to the model and boundary conditions will be applied
that define fixtures and pressures that will match our testing conditions. After applying meshing, the simulation
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can be run and will allow for visualization of where the choke points may form through the metric of failure
points.

Airway Comparison Testing

The team will print a sample tube with the same wall thickness and dimensions of the main bronchus of
the airway to complete MTS testing. Additionally, the team will replicate the dimensions and wall thickness of
the first tube of the printed airway from last year’s project. The MTS machine will be set up using 2kN
Advantage Screw Action 2000 Grips in the Clevis to be able to adequately hold the tubing in the machine. The
tubing will be inserted into both grips and the test will be run until there is noticeable failure in the tubing. Data
will be collected and analyzed to create a stress strain curve to determine values for Young’s modulus and
tensile strength of each sample tube. The tube sample from the previous team’s design will be compared to the
current team’s model to get a benchmark for how compliant the team’s design is in comparison to the previous
team’s design which did not accurately model the choke points.

Simulated Forced Expiration

Once the first prototype has been assembled, the team will begin testing the prototype in the pressure
chamber. The 3D printed airway and alveoli assembly will be inserted into the pressure chamber with the
vacuum desiccator and compressed air connected, but the valves closed. Once setup is complete, the valves for
the vacuum desiccator and compressed air will be opened and a pressure difference will occur. If the model is
successful, a choke point will be created and move distally. A video recording will be used to ensure capturing
of the created choke point and the distal movement. Quantitative measuring of the narrowed diameter of the
choke point versus the initial diameter will be done in ImageJ and a qualitative recording of whether or not the
choke point moved distally will also be recorded. A successful choke point creation will be signified by a
decrease in diameter of the airway by at least 50%. Additionally, pressure values from the pressure gauge will
be recorded to determine if there is a threshold pressure that causes the choke points to form and move distally.
The simulated force expiration will be run at least 10 times to ensure accurate capturing of data, and allow for
statistical analysis.

Discussion

The major final deliverable for this project is a 6-10 second video of the model demonstrating choke
point formation and movement. As such, the team will be the main users of the device; however, user safety
remains a major ethical consideration when designing and fabricating this device. The team will follow
compressed air guidelines as outlined in OSHA standard 1910.243(b) [51] and will avoid using any toxic
materials during the fabrication of the device.

While material testing will be beneficial in determining model compliance in support of choke point
formation before final simulated forced expiration testing occurs, complications may arise as part of the
fabrication process. A major point of difficulty will be support removal within the 3D printed model, especially
given that the airway will be a thin-walled hollow branching tube of varying diameter. The team will take care
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to avoid damaging the model during support removal and will follow recommended post-processing techniques
to ensure a relatively smooth interior finish in the final model.

Given testing results, the team will evaluate whether or not the completed device adequately
demonstrates choke point formation and movement through the airway model. While the previous model did
not demonstrate this phenomenon in a manner sufficient for the client’s purposes, the aforementioned
compliance testing of the previously designed bronchi model will provide important benchmarks for the new
model to improve upon. The team can complete the airway comparison testing procedure throughout the
prototyping phase to demonstrate whether or not the new design successfully passes this compliance benchmark
set by last year’s team; a lower compliance in the bronchi in the new model compared to the previous model
will demonstrate progress towards choke point formation as the design process continues. Additional
mathematical models factoring in variables such as tube thickness, length, and elasticity, will further support
design choices in the SolidWorks bronchi model and the 3D printed prototype.

Based on compliance testing results and mathematical model input, the team will ensure that the final
design is compliant enough for visible choke point formation and movement, which will be verified through the
simulated forced expiration testing. Individual testing results will be evaluated to determine which, if any,
factors prevent choke point formation. The internal pressure from the alveoli balloon testing can be plotted
against diameter of the balloon to inform the team of how multiple inflations can change pressure to see if that
affects whether or not choke points form in the airway. The SolidWorks FEA visualization can be compared to
the simulated force expiration testing. This can allow the team to see potential limitations of the airway model
compared to the simulated testing to identify discrepancies between models that could affect choke point
formation. If necessary, changes will be made to the design regarding airway wall thickness and material
properties, alveoli balloon elasticity, model dimensions, and/or alveoli-bronchi connection techniques to ensure
that the final design visibly demonstrates the choke point formation.

Conclusions

In summary, this project presents a physical teaching model designed to demonstrate flow limitation, the
equal pressure points (EPP), and the distal movement of choke points during forced expiration. While flow
limitation is prominent in obstructive airway diseases, it also occurs in healthy individuals at a lower rate,
making it critical in understanding both normal and pathological airway mechanics. The final design
demonstrated stochastic branching airway models based on the Hoffman geometry, 3D-printed from compliant
Formlabs Elastic 50A resin [13]. The alveolar compartments are modeled using thin-walled natural water
balloons attached at the terminal bronchial ends. The full model is housed inside a sealed acrylic vacuum box
controlled by compressed air and vacuum lines to simulate changing pressures.

The stochastic airways design was selected because its irregular branching angles, lengths, and
diameters more closely represent the variability of the human airway anatomy than symmetric or asymmetric
alternatives. Formlabs Elastic 50A was selected for its flexibility and ease of fabrication and water balloons
were selected because they provide an accessible and cost-effective way of representing the elastic behavior of
the alveoli. Together, these components are going to produce visible airway compression and demonstrate how

the location of flow limitation can change as pressure conditions vary.
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Future work will focus on fabricating an airway model prototype to understand the pressure and
elasticity of the water balloons, and evaluating the airways mechanics through SolidWorks. The completed
model will then undergo repeated simulation of forced expiration in the pressure chamber to determine whether
or not the airway reaches its 50% reduction in diameter and properly demonstrates the distal movement of the
choke point. If the behavior is not observed, adjustments to the airway thickness, material properties, balloon
elasticity, or the connections between the airway and alveoli may be necessary. Successful completion of these
tests will then allow for the creation of a short and educational video to help medical students and fellows better
understand flow limitation and its relationship with obstructive airway diseases.
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Appendix A: Product Design Specification

Function

Flow limitation is the phenomenon in which increasing respiratory effort no longer increases airflow
beyond a certain point during forced exhalation, because the airway itself becomes the limiting factor rather
than muscles driving expiration [1, 2]. During forced expiration, intrathoracic pressure rises sharply and can
exceed the pressure inside the airway, resulting in the airway walls, specifically the bronchi, to narrow and
eventually reach a choke point past which further effort in exhalation cannot increase flow [3]. This mechanism
is central to interpreting spirometry, since flow-volume curves reflect the mechanical properties of airways
rather than respiratory muscle effort alone [4, 5]. It is most relevant to obstructive diseases such as asthma,
cystic fibrosis, and COPD, where airway walls are more prone to premature collapse or are already narrowed by
inflammation, mucus, or loss of elastic recoil. This leads to prominent flow limitation occurring during forced
exhalation [6]. This device will model the branching anatomy of the airway and use flexible materials to
replicate the compression and collapse that occurs in the affected patient population. This will allow the users to
visualize the equal pressure point (EPP) and the resulting choke point as it moves distally through the airway.
The device is intended to physically demonstrate flow limitation during forced expiration for use in an
educational teaching video. The final video will be used to teach medical fellows and students how these airway
mechanics underlie clinical measures such as spirometry, and how they explain and monitor these obstructive
conditions that experience flow limitation.

Client requirements

e The device must demonstrate flow limitation during forced expiration by visibly showing the choke
point and EPP and the compression travelling distally through the airway, from the lower trachea,
through a few generations of branching, and downstream towards the alveoli.

e The final device must be 3D-printed, stay permanently in ECB, and only needs to support a pre-recorded
video, spanning 6 to 10 seconds, for teaching fellows and medical students about flow limitation.

e The airway model must mimic a simplified model of the branching anatomy observed in lungs. A
multi-compartmental design is preferred, ideally a four-compartment model, but a minimum of two
compartments is required.

e The material used to make the branches of the airway model must be thinner and more flexible than last
year’s model, so that choke point can shift asymmetrically across the generations of branches.

The box that housed last year’s model should be reused, unless the box proves to be insufficient.
The team must stay under a budget of $1000.

Design requirements

1. Physical and Operational Characteristics
a. Performance requirements
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b. Safety

The device must visually demonstrate flow limitation in an airway model and the
movement of the choke point throughout the airways as forced expiration occurs. The
movement of the choke point towards the alveoli must be visible enough to be seen on a
6 to 10 second video for demonstration purposes. The model must also accurately model
human airways with at least two but ideally four chambers (1 or 2 generations of
bifurcation) with adequate elasticity to return to an uncompressed state when pressure is
removed, allowing the demonstration to be re-ran a minimum of 100 times without losing
elasticity in the model airways. The device must be able to contain pressures of at least
2.3 kPa above atmospheric pressure with no leakages to accurately represent conditions
in the human anatomy surrounding the airways [7]. These conditions in the human
airways are not consistent from person to person, especially in patients with obstructive
airway diseases; airways in patients with COPD have increased compliance (stiffness)
compared to healthy lungs, while airways in patients with asthma have thickened walls
due to excess mucus [8]. The device should have a level of adjustability in airway
stiffnesses, applied pressures, and lengths to reflect how different disease states and
loading conditions affect the movement of the choke point during forced expiration.

As part of its regular function, the device will be connected to compressed air via a hose.
Use of pneumatic-powered tools and hoses are regulated according to OSHA standard
1910.243(b) [9], which requires a tool retainer to prevent accidental ejection of the hose
and that the hose and hose connections be designed to withstand the pressure demands
without failure. The device itself must also be rated to maintain normal operational
pressures with no risk of explosion. The materials used in the device, especially those
accessible to users, should be non-toxic, and the device itself should have limited sharp
edges and pinch points.

c. Accuracy and Reliability

1.

The most important component that the device must accurately model is the visible
formation and movement of the choke point upstream two generations during forced
expiration [10]. The device should also model true human airway transmural pressures of
2.3 kPa and average compliance of 0.225 1/cmH,0O with variance along the airway as
closely as possible [7, 11]. However, the focus should be on modeling accurate choke
point behavior. This choke point movement must be visibly demonstrated with no
mechanical failures or major changes in pressure values for a minimum of 100 simulated
runs of forced expiration.

d. Life in Service

L

The success of the device will be evaluated based on the criterion that the model is able
to produce visibly discernable choke points along the airway, closer to the alveoli, during
forced expiration. This event should have a sufficient time constant, around 6 to 10
seconds per the client’s request, for quality interpretation by the students who will watch
the video. The device should be capable of completing a minimum of a 100 simulation
cycles across testing, operation, and the final video recording without degradation of
mechanical performance or loss of the flow limitation effect.

32



®

Shelf Life
i.  Although the device will not be reused after the completion of the video, any components
with a defined shelf life shall be stored per their manufacturer specifications, and will
remain within their rated shelf life up to the date of the final video recording. Prior to use
for the final video recording, the device will be stored at standard room conditions
(20-22°C, ambient humidity) in room 1070 at Engineering Centers Building.

=

Operating Environment
i.  Beyond the controlled temperature (20-22°C) and pressure (1 atm) of the testing
environment, the device is not expected to be exposed to significant humidity variation,
dust, corrosive fluids, or vibrations outside normal laboratory benchtop conditions. The
device will be operated and tested exclusively by the undergraduate students on team
“Flow State”. There are no unforeseen hazards or exposure to outdoor elements, insects,
or high-shock loading given the controlled indoor lab setting.
g. Ergonomics
i.  The device should be easy to move and transport as needed for any testing needed with
the team. The device should not need to be moved often or at all after all testing and
fabrication is done since the client is looking for the team to demonstrate how the device
works via video. In addition, the model should be easy to properly use and demonstrate
the choke points. Applying force and pressure via a compressed air hose should only
require one hand to prevent any strain while also being able to operate and model the
specific flow limitations and pressure points.
h. Size
i.  The physical model will be able to sit on a lab bench and be large enough to see visibly in
the video representation. The pressure chamber from the previous design will remain the
same dimensions around 20 % 20 % 20 cm with acrylic thickness of 20 mm [17]. This is
equipped with pressure taps for measuring box pressure, upstream/airway pressure and
downstream pressure. The main airway tubing should be from 15 mm to 18 mm to
stimulate the correct adult airway geometry. The flexible section should have a very small
thickness of 0.5 mm to 1.0 mm in order to properly demonstrate the airway model [12].
i. Weight
i.  The maximum load constant (LC) is set at 23 kg to ensure safety when transporting these
objects [13]. The acrylic chamber weighs 12 kg, well within the limit of safety for the
object [17]. The lung model inside the chamber will weigh no more than 0.454 kg as it
will be created with flexible materials ensuring that using the model is as effortless as
possible.
J. Materials
i.  The material used to model the airway must be sufficiently flexible to show visible
compression at the location of the choke points. Ideally, the material will match the
biological properties of the airway walls as closely as possible, including a Young’s
modulus of 0.17 - 0.65 MPa [14] and a Poisson’s ratio of 0.41 - 0.45 [15]. Additionally,
the material must exhibit a gradient in compliance (dA/dPtm) to ensure the choke point
travels distally [16]. This gradient will be accomplished by varying the material
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thickness, meaning that the material chosen must be viable at a wide range of thicknesses.
The alveoli must be modeled using a thin, balloon-like material that is able to expand as
the model takes in air, and this material must be conducive to a tight, leak-proof seal with
the airway model. The vacuum chamber to be used is fully transparent and is composed
of pressure-resistant acrylic with a thickness of 20 mm [17]. This material will resist
deformation and leakage, and allow for complete visualization of the airway model
throughout testing.

k. Aesthetics, Appearance, and Finish

1.

The final product must clearly display the full length of the airway model so that the
distally moving choke points are visible throughout the respiratory cycle. The product
must replicate the airway in an intuitive manner such that students understand how the
anatomy of the model correlates with human anatomy, and labels should be included to
indicate key anatomical features for added clarity. Most students will access the model
through a video demonstration, so the product must be conducive to video recording.

2. Production Characteristics

a. Quantity

1.

Per client requirements, one prototype is required. In order to allow for widespread
viewing of the model, a video displaying the key features of the model will also be
provided to the client.

b. Target Product Cost

1.

3. Miscellaneous

The vacuum chamber from the previous project, which cost $466.83 [17] and has already
been covered by the past client budget, will be reused. The total additional cost of the
airway model materials to be used in this iteration is estimated to remain under $150. The
client has provided a total budget of $1000 for this semester, which is well beyond the
estimated semester project cost.

a. Standards and Specifications

I

The model will operate using compressed air for testing and the final video
demonstration. All operators of the model, and surrounding observers, must wear
adequate eye protection in the front and side of the eyes to protect from potential flying
debris [18]. Air receivers on the device should be equipped with an indicated pressure
gauge to safely observe the pressure delivered to the device [19]. Safety valves,
indicating, and controlling devices should be installed and located so they cannot be
readily rendered inoperable [19].

b. Customer

L.

The client, Dr. Chris Green, is professor emeritus in the Division of Pulmonology and
Sleep Medicine at the University of Wisconsin - Madison. Dr. Green has requested a
device that accurately models Flow Limitation for instruction of medical students. The
model will result in a final video that should show an understandable depiction of the
device. This will be achieved by slowing down the demonstration to show the movement
of choke points and depicting multiple cycles. The model should have at least two
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chambers with four chambers being the most preferable to show the distal movement of
choke points.
c. Patient-related concerns

The client requests a short video demonstrating the model in use to be used in
classrooms. Because of this, there is no posed risk to the client or patient. With this in
mind, there will only be an emphasis on keeping the operator safe. First is biosafety and
toxicity. The materials used to print the 3D model of the airways should be constructed of
materials that are nontoxic and non-degassing under pressure to prevent chemical
inhalation by the user. Another concern is pressure and shattering. The pressurized
chamber should be able to withstand significantly more pressure that the model inside
will need to be pressurized to. Brittle materials such as glass should not be used. Lastly is
sterilization and maintenance All surfaces and materials should be able to be disinfected
and cleaned with standard disinfection without degradation or ruin.

d. Competition

Existing market and research solutions only provide computational statistics based on
computer generated models or static anatomic models, leaving a gap between a physical
model that can visualize pressure and chokepoints. The first model of competition was
created by the department of Mechanical Engineering at Yamaguchi University created
models of the airways by developing a computational fluid dynamics (CFD) that
reconstructs a patient's airways directly from CT scan data. The drawback of this model
is it does not include an exterior pressure system and pressure drops and changer or
chokepoints [20]. The second model is called the Polak and Yutchen Computation Model.
This mathematical model demonstrates wave speed flow limitation and choke point
formation across the bronchial tree during forced expiration. This model takes place
solely in a computer model called silico, removing the opportunity to see a 3D model.
The physical demonstration provides a visual representation of a pressured chamber and
moving choke points [21].
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Appendix B: Airway Fabrication Protocol

Materials:

Formlabs Flexible 50A Resin

FormLabs Form 4 printer at the Wendt Design Innovation Lab
Isopropyl alcohol wash station

UV post-cure unit

Small latex water balloons

Cyanoacrylate (super glue)

Procedure

1.

b

A R IR AN

Construct the four-compartment branching airway in SolidWorks, extending from the lower trachea
through 2 generations.

Export the model as an .stl file and import into PreForm slicer software. Orient the part to minimize
support contact with internal lumens, and generate supports.

Print the model on the Form 4 printer using Flexible S0A Resin at a layer thickness of 0.1 mm.
Once printing is finished, remove the airway from the build plate and wash in isopropyl alcohol for 20
minutes to remove uncured resin.

After the first wash, allow the airway to dry completely.

If the material is still sticky to the touch, repeat steps 4 and 5.

Once the material is no longer sticky to the touch, remove any remaining supports.

Place the airway in a beaker of water for 2 minutes.

Cure the fabricated airway using UV light for 7 minutes at 70°C.

. Adhere four water balloons to the airway’s four distal ends using cyanoacrylate, and allow it to cure for

15 minutes.
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Appendix C: Expense Table

L. Vendor Cost .
Item Description Manufacturer |Mft Pt# [Vendor Date Qry Total |Link
Cat# Each

Airway Materials

Elastic resin used
FormLabs |to print on
Flexible FormLabs SLA
50A Resin | printers. FormLabs N/A DI Lab N/A TBD TBD |$0.29/g TBD|Link
Assorted .

Multi-color latex 3”
Water water balloons
Balloon 100ct Arcady N/A Amazon |N/A TBD 1 |$4.94 $4.94  Link
Loctite
Super Glue
Ultra Gel Tough silicone gel
Control super glue Loctite N/A Amazon |N/A TBD 1 |$4.49 $4.49| Link
Misc.
BMP388
Precision
Barometric
Pressure
and Pressure sensor,
Altimeter  |accurate up to 8

Pascals N/A N/A Amazon |N/A TBD 1 [$16.99 $16.99| Link
STEMMA
QT / Qwiic
JST SH 4 pin
to premium
male Connector from QT
headers to Male Headers
cable for Arduino N/A N/A Amazon |N/A TBD 1 [$6.70 $6.70/ Link

TOTAL:| $33.12
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