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Abstract

Pediatric flexible bronchoscopy is a potentially risky procedure that requires realistic training for optimal procedu-
ral yield and complication mitigation. Three-dimensional printing represents a promising technology for develop-
ing realistic and low-cost surgical training models, but its utility in pediatric flexible bronchoscopy has not been
thoroughly explored. A 3D-printed training simulator was developed by computer-aided design including: (1) a
synthetic pediatric airway down to the 3rd generation and a distal reservoir to simulate bronchoalveolar lavage
and (2) the benchtop enclosure including a mechanical airway and external pegs for simulation of extraluminal
airway compression. Using stereolithography, the airway was fabricated with an elastic resin. An external surface
finish was applied using silicone-based fabric paint and biocompatible adhesive to match physiologic intralumi-
nal color. The benchtop enclosure was manufactured using polylactic acid via fused deposition modeling. The
3D-printed airway simulator was evaluated alongside a traditional virtual reality bronchoscopy simulator across
6 domains: physical attributes, realism of experience, ability to perform tasks, educational value, relevance to
clinical practice, and global assessment. Six fellowship trainees rated the 3D printed airway favorably across all
domains and assessments were similar to the traditional virtual reality simulator. The 3D printed airway had a
fixed unit material cost of $6.09 for the airway and $17.13 for the benchtop enclosure. This preliminary assess-
ment of a 3D printed pediatric flexible bronchoscopy simulator suggests that it provides a realistic, customizable
and cost-effective mechanism for advanced training in pediatric flexible bronchoscopy.
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Introduction
Pediatric flexible bronchoscopy (PFB) is an impor-
tant procedure in pediatric pulmonary and critical care
medicine, serving both diagnostic and therapeutic pur-
poses. Procedural competence requires a compre-
hensive understanding of anatomical structures, in-
strument manipulation, airway pathology, and man-
agement of acute airway complications. While men-
tored patient clinical experience is essential, providing
trainees with sufficient realistic learning opportunities
without compromising patient safety presents signifi-
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cant challenges (1,2). Traditional training resources,
including cadaveric specimens, animal models, and
virtual reality (VR) simulators, have limitations that im-
pede effective and accessible learning experiences
(3-6). These limitations include high costs, restricted
availability, ethical concerns, and limited anatomical fi-
delity.
3D printing technology has facilitated the develop-

ment of procedural simulation models across various
medical fields due to its ability to create realistic and
customizable models. In interventional cardiology, 3D
printed heart models have been valuable for simulating
complex procedures and improving procedural plan-
ning (7). Similarly, the development of 3D printed fa-
cial flap and otoplasty surgical simulators, as well as
development of thoughtful curricula around these sim-
ulators, have proven beneficial in otolaryngology, en-
abling trainees to refine their skills in complex surgical
techniques (8-10). These achievements underscore
the potential for 3D printing technology to improve pe-
diatric bronchoscopy training.
In comparison to traditional VR simulators, the use

of 3D printed airways has demonstrated improved af-
fordability, heightened realism, and enhanced haptic
feedback (11-13). However, most 3D printed bron-
choscopy models are designed for teaching adult
rather than pediatric bronchoscopy (14). Pediatric flex-
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ible bronchoscopists must be able to identify unique
pediatric pathologies such as congenital tracheobron-
chomalacia and operate with smaller bronchoscopes,
cameras, suction ports, and fluid aliquots for bron-
choalveolar lavage. By using patient-specific anatom-
ical replicas, 3D printing enables trainees to engage
in realistic practice scenarios closely resembling the
unique features of the pediatric airway.
This study aimed to develop and assess a low-cost,

3D printed simulation model for pediatric flexible bron-
choscopy. Our objective was to compare the perfor-
mance of a 3D printed airway to a traditional VR model
based on evaluations from trainees. We hypothesized
that a 3D printed airway specifically designed to sim-
ulate pediatric anatomy and pathologies would have
similar educational value compared to a traditional VR
simulator.

Material and Methods

Simulator Design and Development
The bronchoscopy simulator developed for this study
included the synthetic 3D printed airway and the
benchtop enclosure. In order to design the anatomi-
cally accurate airway model, a de-identified computed
tomography (CT) scan of lungs from a 7-year-old child
without airways disease was converted into a 3D digi-
tal model using the segmentation software Materialise
Mimics (Leuven, Belgium). Using computer-aided de-
sign (CAD) software, this digital model was modified
to include only the relevant airway anatomy from the
vocal cords to the third airway generation and further
optimized to facilitate 3D printing.
The 3D printed airway was fabricated using stere-

olithography (SLA) 3D printing, which cures liquid resin
into hardened plastic using ultraviolet light. After trial-
ing various materials, the team arrived at an elastic en-
gineering resin with 50A Shore durometer from Form-
labs (Somerville, Massachusetts). This material was
selected because of the combination of flexibility to ac-
curately simulate the pediatric airway anatomy as well
as durability to withstand multiple cycles of use. More
rigid materials resulted in increased resistance when
navigating to the distal airway and posed an increased
risk of bronchoscope damage. A wall thickness of 4
mm resulted in undesirable stiffness and resistance to
external compression, while a wall thickness of 1 mm
resulted in poor durability during repeated use. Ulti-
mately, a wall thickness of 2 mm offered a suitable bal-
ance of compressibility and durability. While the elas-
tic engineering resin achieved the desired mechani-
cal performance, it is only commercially available in
a translucent white color which does not offer a re-
alistic intraluminal appearance. An external surface
finish was created by blending various silicone-based
fabric paints to achieve a desired Pantone PMS 7605
C color that adequately matched the tone of the res-
piratory mucosa (Figure 1). The airway was further

coated with a silicone-based biocompatible adhesive
to improve model durability and prevent degradation
of the fabric paint.
In addition to the airway model, a benchtop enclo-

sure was developed to incorporate additional features
into the bronchoscopy simulator and facilitate usability
in the training environment. The benchtop enclosure
was fabricated using polylactic acid (PLA) via fused
deposition modeling (FDM) 3D printing, where a ther-
moplastic filament is extruded through a heated noz-
zle and joined together to form a 3D object one layer
at a time. First, an opaque housing was designed to
conceal the airway so that the operator is unable to
view the bronchoscope or reference the anatomy dur-
ing navigation. Second, a proximal component was
integrated into the enclosure with a 7 mm diameter
through which a flexible bronchoscope can be inserted.
This component was designed to simulate a laryngeal
mask airway sitting above the vocal cords. Third, the
enclosure was elevated at a 15-degree angle to allow
trainees to perform a bronchoalveolar lavage (BAL), in
which a 5 mL aliquot of fluid is instilled into the right
lower lobe and suctioned for sample collection. The
elevation angle was necessary to allow the fluid to flow
distally before being recollected. The right lower lobe
terminated in a small pouch to accommodate the BAL
fluid. Finally, threaded external pegs were incorpo-
rated into the body of the enclosure so that compres-
sional force could be applied to the airway at speci-
fied anatomical locations to simulate airway compres-
sion. Clinical scenarios were designed to teach the di-
agnosis of tracheomalacia, bronchomalacia, external
vascular compression, and other airway pathologies.
While the bronchial pegs compress from anterior-to-
posterior, the tracheal pegs compress from posterior-
to-anterior. This orientation offered the most realis-
tic appearance of bronchomalacia and tracheomalacia
(Figure 2).

Simulator Assessment
The simulator was deployed to fellowship trainees in
pediatric pulmonology, pediatric surgery, and pediatric
critical care medicine. A pediatric pulmonologist (ex-
pert bronchoscopist) provided procedural instructions
and demonstrated PFB to each of the learners indi-
vidually using the 3D printed airway and a traditional
VR simulator (CAE Incorporated, Montreal, Canada).
Participants then performed hands-on training on each
model individually with expert just-in-time feedback.
While a prior study conducted by our research group
investigated the value of integrating the 3D printed air-
way into a formal fellowship curriculum, this study high-
lights the development of the 3D printed airway and its
educational utility when compared directly to an exist-
ing VR simulator (15). The 3D printed airway was de-
signed to teach basic bronchoscopy techniques (e.g.,
BAL) and simulate pathology (e.g., tracheobronchoma-
lacia). The VR simulator was designed to teach ba-
sic bronchoscopy techniques and physiologic airway
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Figure 1: (A) Computer rendering of the 3D printed pediatric airway extending to the third generation. (B)
Bronchoscope view of the carina of the 3D printed airway. (C) Bronchoscope view of the carina of a pediatric
patient in vivo.

anatomy. Following their training with both simula-
tors, the fellows completed an assessment adapted
from a validated instrument (16) using a 5-point Lik-
ert scale across six domains: physical attributes, real-
ism of experience, ability to perform tasks, value, rele-
vance, and global assessment (Table 1). The hypoth-
esis was not shared with the participants. Prior to test-
ing, 9 expert faculty bronchoscopists performed simu-
lated bronchoscopy, evaluated the model using the 6
assessment domains, and agreed that the model was
suitable for training.
De-identified data from assessment surveys was col-

lected using Qualtrics software, accessible to partici-
pants on their mobile devices immediately after using
the bronchoscopy model. Data are described with me-
dian and lowest scores of each assessment domain
for each of the two simulation models.

Results
Using CAD and 3D printing technology, a realistic, low-
cost PFB simulator was developed to teach procedural
skills, pulmonary anatomy, common pediatric patholo-
gies (e.g., tracheobronchomalacia), and interventional
techniques (e.g., bronchoalveolar lavage).
The model was evaluated by six fellows in pediatric

pulmonology, pediatric surgery, and pediatric critical

care medicine with nearly no bronchoscopy experi-
ence at the beginning of their fellowship training pro-
gram. The results from the group of fellows are sum-
marized in Table 2.
In general, trainees found the 3D printed airway sim-

ulator to be a valuable educational tool across all six
domains, suggesting that the model is a promising
training model for pediatric pulmonology, critical care,
and surgery trainees with limited bronchoscopy expe-
rience. Participants assigned scores of 4 and 5 for all
domains, suggesting adequacy with room for improve-
ment (Table 2). When comparing the two simulators
across all domains, there did not appear to be differ-
ences in the median scores.
The 3D printed airway has a fixed unit material cost

of $17.13 for the 644 g of PLA material used to fabri-
cate the benchtop enclosure and $6.09 for the 30.6 g of
Elastic 50A resin used to construct the airway (Table 3).
This estimate does not consider startup expenses for a
Form Labs SLA printer with corresponding Elastic 50A
resin and a standard FDM 3D printer with correspond-
ing PLA filament. The total print time required for the
3D printed airway is 60 hours 45 minutes. The cost
analysis does not include printers, electricity, printer
maintenance, post-processing, personnel, or labor.
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Table 1: 5-point Likert scale survey for the pediatric flexible bronchoscopy simulator evaluation.

Survey domain (1) (2) (3) (4) (5)
Physical attributes Don’t know Not at all

realistic
Lacks too
many key
features

Adequate
realism but
could be
improved

Highly
realistic

Realism of experience Don’t know Not at all
realistic

Lacks too
many key
features

Adequate
realism but
could be
improved

Highly
realistic

Ability to perform tasks Too difficult to
perform

Very difficult
to perform

Difficult to
perform

Somewhat
easy to
perform

Very easy to
perform

Educational value Don’t know No value Little value Some value A great deal
of value

Relevance to practice Don’t know No relevance Little
relevance

Some
relevance

Great deal of
relevance

Global assessment Poor
experience

Requires
improvement

Requires
small tweaks

Can be used
but could be
improved

Can be used
as is

Table 2: Median and minimum scores of assessment domains using a 5-point Likert scale (N = 6).

Assessment domain 3D Airway (median, minimum) Virtual reality simulator (median, minimum)
Physical attributes 5 (5) 5 (4)
Realism of experience 5 (4) 5 (5)
Ability to perform tasks 4 (4) 5 (4)
Educational value 5 (4) 5 (5)
Relevance to clinical practice 4 (4) 5 (4)
Global assessment 5 (4) 5 (4)

Discussion
Fellowship trainees in procedural subspecialties with-
out bronchoscopy experience agreed that the 3D
printed airway had features that offered educational
value that is comparable to a traditional VR simulator.
Therefore, a 3D printed airway has potential to offer
an educational experience similar to traditional train-
ing models at a fraction of the cost and with potential
for modifications to reflect unique clinical pathologies.
The 3D printed airway has room for improvement.

Participants universally reported a score of “4” or “5”
across all domains for both training models. However,
whereas 4 out of 6 participants reported that it was
“somewhat” easy and 2 out of 6 reported that it was
“very easy” to perform tasks with the VR simulator, all
participants reported that it was “somewhat” easy to
perform tasks with the 3D airway, suggesting some
room for improvement with the 3D airway. Durability
of the airway will be improved to accommodate more
rigorous use that involves repeated external compres-
sion from obstruction pegs and saline flushes for bron-

choalveolar lavage. Increasing the airway wall thick-
ness from 2 mm to 4 mm resulted in increased airway
stiffness and subsequent difficulty with bronchoscope
navigation. As such, the team is currently investigating
the addition of an external silicone coating to increase
durability while preserving model performance. The
model was built to teach anatomy of the third genera-
tion of airways. With the current design, the 3D printed
airway would incur significant resistance with naviga-
tion beyond the third generation. Currently, the airway
model is fabricated with material that is not compliant
when radial forces are applied, unlike the natural air-
way which is more compliant under these conditions.
Additional investigation will need to be conducted to al-
low the user to navigate to more distal airways, while
still preserving the integrity of the model and fidelity of
the procedure. External compression pegs offered a
simulation of pathologic airway compression. The ap-
pearance of the lumen under compression, however,
fell somewhat short of the real morphologic appear-
ance of airway malacia or vascular compression. The
appearance was limited by the geometry of the exter-
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Table 3: Bill of materials for the 3D-printed bronchoscopy model including part cost and print time.

Part Qty Infill Weight (g) Material Cost/g ($) Part Cost ($) Print Time (hr)
base_1 1 20% 72.0 PLA 0.03 1.80 4.97
base_2 1 20% 61.0 PLA 0.03 1.53 4.28
base_3 1 20% 57.0 PLA 0.03 1.43 4.02
cover 1 20% 209.0 PLA 0.03 5.23 14.53
decal 1 50% 12.0 PLA 0.03 0.30 0.88
lma_left 1 20% 43.0 PLA 0.03 1.08 2.37
lma_right 1 20% 43.0 PLA 0.03 1.08 2.43
peg_short 2 50% 8.0 PLA 0.03 0.40 0.48
peg 4 50% 11.0 PLA 0.03 1.10 0.67
wedge_left 1 20% 64.0 PLA 0.03 1.60 4.28
wedge_right 1 20% 64.0 PLA 0.03 1.60 4.28
airway 1 100% 30.6 Elastic 50A 0.20 6.09 17.57

Total 23.21 60.76

nal compression peg. Furthermore, dynamic compres-
sion of the airways with airflow or cardiac beats was
not possible in the static 3D printed airway. Future
development will involve designing spring-loaded com-
pression pegs to better simulate a dynamic obstruction
and allow the instructor to modify the degree of com-
pression in real time during teaching. Finally, the simu-
lator design could be expanded to incorporate foreign
body removal, cryotherapy, or other advanced tech-
niques, which would provide educational value to dif-
ferent specialties such as otolaryngology and thoracic
surgery.
Several limitations should be acknowledged in this

study. This small study was designed to test the en-
gineering and financial feasibility of this model. It was
not designed to offer a robust assessment of its edu-
cational value, which would require a larger and more
thorough assessment including different testing instru-
ments, learners and experts of variable skill levels and
longitudinal skill retention assessments. The instru-
ment itself has limitations: a score of “1”, in some
domains, is defined as “Don’t Know”. A Likert scale,
however, is designed to express a continuous grade;
“Don’t Know” doesn’t adequately fit onto an assess-
ment scale. The instrument was used in its current
format since it has been used and validated previ-
ously despite its limitations (16). The use of SLA
3D printing for creating the pediatric airway geometry
presents a limitation due to the high cost of SLA print-
ers, which contradicts the objective of cost efficiency
for the model. Although each individual model costs
around $20, the overall implementation costs, includ-
ing the printers, materials, and labor, might limit imple-
mentation at centers without well-established 3D print-
ing labs. Additionally, the study had a small sample
size of trainees (n=6). Although efforts were made
to align model assessment with previously published
works, a small sample size did not lend itself to a ro-
bust statistical analysis comparing the two simulation
models (17,18).

Conclusion
The development of a low-cost 3D printed pediatric
flexible bronchoscopy simulator represents progress
in the development of procedural training technology.
The simulator offers a realistic, customizable, and cost-
effective solution for risk-free surgical skill acquisition
in a simulated environment. Ongoing improvements
and future directions include integration into a struc-
tured curriculum and conducting comprehensive vali-
dation studies with diverse participants. To enhance
further development of this technology, design files
can be made available upon request.
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Figure 2: (A) Computer rendering of the 3D printed pediatric bronchoscopy simulator including the benchtop
fixture and airway model. Pegs are positioned at the (a) right mainstem bronchus, (b) left mainstem bronchus,
(c) right bronchus intermedius, and (d) left lower lobe bronchus. (B) Tracheal pegs apply compressional force
from posterior to anterior to simulate tracheomalacia while (C) bronchial pegs apply compressional force from
anterior to posterior to simulate bronchomalacia.
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