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Abstract

Background: Bronchoscopy involves exploration of a three-dimensional (3D) bronchial tree environment using just
two-dimensional (2D) images, visual cues and haptic feedback. Sound knowledge and understanding of tracheobronchial
anatomy as well as ample training experience is mandatory for technical mastery. Although simulated modalities facilitate
safe training for inexperienced operators, current commercial training models are expensive or deficient in anatomical
accuracy, clinical fidelity and patient representation. The advent of Three-dimensional (3D) printing technology may
resolve the current limitations with commercial simulators. The purpose of this report is to develop and test the novel
multi-material three-dimensional (3D) printed airway models for bronchoscopy simulation.

Methods: Using material jetting 3D printing and polymer amalgamation, human airway models were created
from anonymized human thoracic computed tomography images from three patients: one normal, a second
with a tumour obstructing the right main bronchus and third with a goitre causing external tracheal compression. We
validated their efficacy as airway trainers by expert bronchoscopists. Recruited study participants performed
bronchoscopy on the 3D printed airway models and then completed a standardized evaluation questionnaire.

Results: The models are flexible, life size, anatomically accurate and patient specific. Five expert respiratory physicians
participated in validation of the airway models. All the participants agreed that the models were suitable for training
bronchoscopic anatomy and access. Participants suggested further refinement of colour and texture of the internal
surface of the airways. Most respondents felt that the models are suitable simulators for tracheal pathology, have a
learning value and recommend it to others for use in training.

Conclusion: Using material jetting 3D printing to create patient-specific anatomical models is a promising modality of
simulation training. Our results support further evaluation of the printed airway model as a bronchoscopic trainer, and
suggest that pathological airways may be simulated using this technique.
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Background
Lung cancer is the leading cause of cancer death and
accounts for a disproportionate burden of cancer-related
mortality [1]. Advanced stages of lung cancer are asso-
ciated with markedly poorer prognosis, with one-year sur-
vival at 72.5% for TNM stage I disease and 15.9% for stage
IV disease [2].
Early diagnosis and staging by histological study are

therefore essential in guiding clinical decisions and

ultimately predicting disease progression. Suspicious
lung nodules are usually benign but occasionally malig-
nant; therefore, a clinical need exists for techniques that
are minimally invasive, and at the same time are of suffi-
cient diagnostic yield.
The approach to histological evaluation of a suspicious

lung nodule depends primarily on its location. If pro-
ximal, a respiratory physician may obtain tissue endo-
scopically via the airways, using bronchoscopic biopsy of
the lesion under ultrasonographic guidance. Peripheral
nodules are preferentially sampled using computed tom-
ography (CT) guided transthoracic needle biopsy by
interventional radiologists [3].
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Bronchoscopy is a versatile procedure for endoscopic
exploration of the airways. Beyond biopsy of suspicious
nodules, the bronchoscopic arsenal includes forceps,
ultrasonographic probes, endobronchial tubes and even
stent insertion, offering myriad diagnostic and thera-
peutic applications in the field of pulmonology [4].
Skilful bronchoscopy requires a working knowledge of

bronchopulmonary segmental anatomy, as well as ex-
perience in endoscopic manoeuvres [5]. Being a key
competency in respiratory physician training, numerous
studies have evaluated acquisition of bronchoscopic pro-
ficiency by resident physicians [6, 7].
Procedural training in medical education must balance

the importance of realistic training experience with risk of
harm to patients by inexperienced operators. In this
regard, simulation-based training with physical or virtual
airway models eliminates patient risk and is recommended
over traditional apprenticeship teaching [6–9], in which a
trainee attempts the procedure on a patient under super-
vision by an experienced colleague [6–9]. Simulated mo-
dalities possess the advantage of re-enacting emergent
situations in safe training environments; for experienced
operators, it enables pre-procedural preparation for the
difficult airway [10–12].
In developing these bronchoscopic simulators, impor-

tant considerations are anatomical accuracy, fidelity (the
degree of representation) to actual clinical scenarios, and
cost [7]. To address these factors, bespoke three-
dimensional (3D) printed models of the airway offer an
advantage [13–18] over standardized task trainers, which
are expensive and at best approximations of the bronchial
tree, a complex segmented structure. Several groups have
developed physical and virtual airway models varying in
composition and complexity, including 3D printed models
[17], papier-mâché [19], plastic phantoms [15], and virtual
3D reconstruction [20] as inexpensive and realistic alter-
natives to standardized task trainers.
Multi-material 3D printing, by means of customized

colours and haptics, offers the potential for high-precision
anatomical modelling which demands differentiation of
tissue subtypes [21, 22]. The technique remains relatively
unexplored in medical simulation, despite a growing body
of research in anatomical education. Several groups have
described applications in teaching complex segmental and
branch anatomy [23], improvement in structure recog-
nition [24], vis-à-vis cadaveric models [25], and 3D depic-
tion of pathological entities to a postgraduate audience
[26, 27]. A mixed-methods study in ASE supported 3D
printing both as a standalone educational tool and as a
complement to existing modalities of teaching. With
regard to simulation, a limited number of previous studies
have investigated this technique mainly for surgical simu-
lation [28, 29], with promising results. There is a paucity
of literature of its application in endoscopic simulation.

To our knowledge, we have found no other study investi-
gating multi-material 3D printed airway models. Our
study aims to develop and evaluate the use of a novel
multi-material 3D printed airway model of adult for both
bronchoscopic anatomy teaching and flexible broncho-
scopic simulation training.

Methods
Study Design
This study was granted institutional review board approval
(IRB-2017-05-052). Following development of three pa-
tient-specific 3D printed airway models, this study evalu-
ated its validity as an airway trainer by expert respiratory
physicians, who tested the model and provided their opin-
ion by means of a structured questionnaire.

Development of Multi-material 3D Printed Models
Computed tomography (CT) scans of the thorax were
obtained and anonymized from patients from the Diag-
nostic Radiology department in Tan Tock Seng Hospital
(TTSH), Singapore with SOMATOM Definition AS for
256-slice series, SOMATOM Definition Flash for 128-
slice series and Sensation Cardiac 64 for 64-slice series
(Siemens Healthcare, Erlangen, Germany).
A 256-slice series (1.00 mm slices) from a patient with

normal lung findings, a 128-slice series (3.00 mm slices)
from a patient with an obstructing right mainstem bron-
chus tumour, and a 64-slice series (3.00 mm slices) from
a patient with tracheal compression by a retrosternal
goitre were segmented using OsiriX Lite (Pixmeo SARL,
Bernex, Switzerland) with a radiodensity-based threshold
algorithm to isolate the radiolucent airways as a prin-
table standard triangle language (.stl) mesh file. This
initial model, representing the intraluminal space of the
tracheobronchial tree, was then processed in Autodesk
Meshmixer (Autodesk Inc., San Rafael, CA) where a sur-
rounding airway wall of 2 mm could be fashioned, and
the bronchi truncated at the third order of airways
(Fig. 1). This uniform 2mm layer substituted for airway
wall structures including the trachealis and cartilage,
which typically are undelineated with CT imaging.
Objet500 Connex3 (Stratasys Ltd., Eden Prairie, MN)

was chosen as a 3D printer for its multi-material jet ca-
pable of fusing plastic and rubber [30]. The accuracy of
material jetting 3D printing has been previously studied
and concluded to be accurate [31, 32]. This technique
was used to produce models of varying Shore hardness1

(the objective measure of material hardness by quanti-
fying its resistance to indentation by a calibrated
spring). Two different materials were used to achieve
haptic representation: firstly, a custom mix of plastic
(FullCure RGD851, VeroMagenta) and rubber (FullCure
930, TangoPlus) constituted the tracheal wall with
Shore hardness values arbitrarily selected from the D40
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– D60 range; and secondly, a fully rubber (FullCure
FLX930, TangoPlus) material was used for the tumour.
Support resin (FullCure, 705) was used for printing. Ap-
proximately 25 g of plastic and 50 g of rubber was used
per model. Following this, manual post-processing with
water and cleaning instruments was required to remove
the partially water-soluble support resin from the final
pieces.

Study Participants
To validate the printed models as airway trainers we
recruited expert respiratory physicians to perform bron-
choscopy and provide feedback on their experience.
Consultant respiratory physicians with at least six years’
formalized training in respiratory medicine, following an
accredited residency programme based on standards set
by the American Council for Graduate Medical Educa-
tion (ACGME) working in association with Tan Tock
Seng Hospital and the Lee Kong Chian School of Medi-
cine were identified, and recruited to the study by email
invitation. Prior to the study, informed consent was
obtained and documented from participants.

Conduct of Bronchoscopic Evaluation
Before attempting bronchoscopy on the 3D printed
models, all participants first performed flexible bronchos-
copy using a standard endoscopic trainer Karl Storz 8402
ZX (KARL STORZ Endoskope, Tuttlingen, Germany)
comprising a flexible bronchoscope coupled with a video
monitor, with an open-mouth airway simulator model.
This rubber-and-silicone airway trainer simulated both

upper and lower airway anatomy, and incorporated a
detachable tracheobronchial tree with an interface at
the subglottic level (Fig. 2). The intention of this step
was to allow the participants to familiarize themselves
with the manoeuvring of the training bronchoscope,
which differs from the model typically used in clinical
practice.
Following familiarization with the bronchoscope, and

participants performed the same procedure on the 3D
printed airway models which were substituted for the
original rubber tracheobronchial tree of the airway simu-
lator, and were provided with a questionnaire to rate
their experience vis-à-vis flexible bronchoscopy in their
usual clinical practice.

Design of Bronchoscopic Validation Metric
Taking reference from a related study on a paediatric
laryngeal simulator made using a 3D printed mould [33],
a questionnaire comprising ten five-point Likert scale
items, ranging from 1 (strongly disagree) through 5
(strongly agree) and two open-ended items was deve-
loped (Table 1).

Statistical Analyses
Following the original paper1 [33] from which the vali-
dation tool was modified, reliability was calculated for
all items as a composite. Rating responses were de-
scribed, and open-ended responses were analysed for
common themes.

Results
3D printed models of airways
A total of three models were printed; these were patient-
specific, life-sized and assigned both colour and specific

Fig. 1 3D virtual model after reconstruction of the normal airways

Fig. 2 Standard airway trainer, comprising detachable lower airway
model attached to upper airway structures. Surrounding this are a
series of 3D printed models derived from CT scans as described in
the Methods section

Ho et al. BMC Medical Education          (2019) 19:236 Page 3 of 8



Shore hardness. The proportion of plastic and rubber
were adjusted to specific Shore hardness values; the re-
sultant colour was dependent on the proportion of red
plastic (FullCure RGD851, VeroMagenta) present in the
print substrate. The first model of Shore hardness D50
(Fig. 3a) depicts the normal anatomy of airways from
the trachea and its constituent branches including pri-
mary, secondary (lobar) and tertiary (segmental) bron-
chi. The second model of Shore hardness D60 (Fig. 3b)
shows the proximal lobar bronchial divisions and a
tumour obstructing the right mainstem bronchus. In
the third model (Shore hardness D40, Fig. 3c) the tra-
chea appears bowed because of extrinsic compression
by a retrosternal goitre.

Validation by Bronchoscopists
Five consultant respiratory physicians (four male, one
female) responded to the invitation. All of them
accepted the terms of participation and provided re-
sponses to the survey questionnaire. From the subjective
rating responses, the calculated Cronbach’s alpha of 0.83
indicated reliability of the rating component of the
questionnaire.
The 3D printed model was generally well received by

the bronchoscopists, with positive opinions of the ana-
tomical accuracy (Fig. 4). All participants either agreed or
strongly agreed that endoscopic anatomy and access are
representative (Fig. 4, Fig. 5) – citing “the anatomy of the
airways are realistic”. Majority of the respondents felt that
manipulation of the bronchoscope and representation of
tracheal pathology was realistic in the model, and sup-
ported its use as a trainer – citing “less expensive” cost,
the ability to “provide greater spectrum of pathologies”
and “provide for EBUS-TBNA [endobronchial ultrasound-
guided transbronchial needle aspirate] training”. However,
all participants were neutral or disagreed with the realism
of the tissue properties, commenting that “the texture is
somewhat rough/harder than normal; the colour is not
quite the same”. Several requests were made to improve
the model in the open-ended responses, including mo-
delling of upper airways - “adding the vocal cord for in-
tubation purposes”, removal of residual supporting
material from the interior of the model, and replicating
more realistic colour and texture. Nonetheless, the major-
ity of the participants felt that 3D models created learning
value and would recommend to others for training.

Discussion
In this study, we developed 3D printed airways by
material jetting technology and validated their efficacy as
a bronchoscopic trainer. To our knowledge, this is the first
multi-material print of the tracheobronchial tree. Other
investigators have developed models with reasonable

Table 1 Bronchoscopic evaluation questionnaire

Subjective rating items

Anatomical Accuracy Colour of the 3D printed model was similar to the
endoscopic view of the real trachea

Material used to print the trachea accurately reflected real tissue properties

Endoscopic bronchial anatomy in the 3D printed model appeared similar
to human anatomy

Clinical fidelity

Bronchial tree access was realistic on the 3D printed model 3D printed
models accurately represented tracheal pathology

Manipulation of the flexible bronchoscope was realistic in the 3D printed
model

Perceived usefulness I believe the 3D printed model is a useful tool for
training basic bronchoscopic skills

Given the opportunity I would like to use the 3D printed model again for
training/practicing/demonstrating bronchoscopic skills

I would recommend the 3D printed model as a tool for training/practicing/
demonstrating bronchoscopic skills to colleagues/other trainees

Training on the 3D printed model is a valuable learning exercise

Open-ended response

What is the strength of 3D printed airway models?

How could the 3D printed airway models be improved?

Fig. 3 Three 3D printed models are shown: a Normal tracheobronchial anatomy to the extent of the third order of bronchi (segmental bronchi),
b pathologic specimen, with occluding tumour (arrow), and c pathologic specimen, with displacement of the trachea by a retrosternal goitre
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Fig. 4 Bronchoscopic validation questionnaire responses in segmented bar chart

Fig. 5 Upper row: bronchoscopic view of carina showing left mainstem bronchus orifice (LMB) and right mainstem bronchus orifice (RMB), as
seen from a standard airway trainer, b 3D printed normal of normal anatomy and c 3D printed model of right mainstem bronchus tumour (*).
Middle row: bronchoscopic view of right mainstem bronchus, as seen from d standard airway trainer and e 3D printed model of normal
anatomy, showing right middle lobe orifice (RML), right lower lobe orifice (RLL) and superior basal segment orifice (B6). The tumour model is not
shown because the model was truncated after the first order of bronchi. Lower row: Bronchoscopic view of left inferior lobar bronchus, as seen
from f standard airway trainer and g 3D printed normal of normal anatomy showing superior basal segment orifice (B6), medial basal segment
orifice (B7), anterior basal segment orifice (B8), lateral basal segment orifice (B9) and posterior basal segment orifice (B10)
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realism, but that require additional post-print processing,
such as painting [34], or silicone coating and mould-
casting of a polyp [17]. In this study, we also used multi-
material printing to demonstrate the single-stage synthesis
of a flexible coloured model with embedded tumour. This
conserves the lead time in production and ensures stan-
dardized fabrication across print runs, which are import-
ant factors influencing the clinical application of these
models.
Furthermore, the capability of multi-material printing

to admix two or more materials allows one to exploit
desirable attributes of both materials; in this case, the
strength of plastic and the flexibility of rubber in a cus-
tom plastic-rubber blend are superior to either in isola-
tion as a choice for the luminal material. Single-material
prints of flexible rubber are prone to damage, requiring
support to prevent from bending during the bronchos-
copy procedure [17], while single-material prints of rigid
plastic do not offer the pliability of the plastic-rubber
blend. However, it must be noted that the hardness of
the material being the primary variable, as was in this
case, inevitably affected the secondary variable of colour.
Colour was also determined by the proportion of the
constituent materials, with the hardest model (Fig. 3b)
deeper in colour, and the softest model (Fig. 3c) a lighter
hue of pink. Our validation questionnaire affirmed high
clinical fidelity of the model, but received ambivalent
appraisal regarding the colour and texture of the internal
wall. We envisage refinement of these factors in subse-
quent print runs with the multi-material technique. In
addition, future research is needed to evaluate student
perceptions and the effectiveness of 3D printed airways
in achieving learning outcomes.
It is important to note that where endoscopic simula-

tors are concerned, the required physical characteristics
differ somewhat from a surgical incision-site simulator.
Being an intraluminal procedure with manoeuvres per-
formed in “negative” space, more emphasis is placed on
anatomical accuracy and user navigational experience
than the consistency of the wall material. Our study
questionnaire found that the anatomical accuracy of the
3D printed model was well-received by expert bronchos-
copists. Our model, made at a cost of SGD~$135, offers
an inexpensive modality for depicting to-scale real anat-
omy and a wide range of pathologies. Owing to the
versatility of 3D printing, it is conceivable to design a
series of anatomical and pathological models (patient
specific) that may be affixed to a single commercial task
trainer, sparing the cost of simulating a range of clinical
scenarios. The prime advantage of 3D printed simula-
tors is that of patient-specific modelling, which can
conceptualize unique clinical situations. For instance,
where variant anatomy or pathological distortion of
the airways is encountered, 3D printed airway models

accurately represent pathoanatomy [11, 33, 35], enab-
ling pre-procedural planning of the endoscopic ap-
proach. Preparedness for the difficult airway improves
outcomes [10, 12] in a patient population at higher risk of
technical complications related to prolonged sedation,
injury from instrumentation, and procedural failure neces-
sitating repeated investigation. Considerations of time and
cost currently limit the use of 3D printed airway mo-
delling to case series with complex anatomy [36], but we
anticipate that improvements in efficiency will see its
broadened clinical use for pre-procedural preparation and
optimization of surgical outcomes.

Limitations
Only five expert bronchoscopists participated in our
study. For comprehensive validation of the model, a lar-
ger pool of both expert and trainee bronchoscopists is
required, ideally in a blinded study comparing standard
bronchoscopic trainers to the 3D printed airway model.

Conclusions
Three multi-material 3D models of the airway were deve-
loped and validated by expert bronchoscopists for simula-
tion training of flexible bronchoscopy. One normal and
two pathological patient-specific, life-sized airway models
were made to represent normal anatomy, an anatomical
lesion, and extrinsic tracheal compression. With minor
refinements, 3D printed models shows potential for
patient-specific bronchoscopic training, particularly in the
setting of airway pathology.

Endnotes
1Shore scale measures the hardness of a material by tes-

ting the resistance of the material against a device called
the durometer. The durometer is an spring-loaded in-
denter that applies a force to the material. Should the
material be easily indented, it will have a lower Shore
hardness. If there is no penetration of the material at all,
the material is said to have maximum Shore hardness
(100). Two different indenters are used depending on the
material composition: Shore A (loading force of 822 g) for
soft elastomers and polymers, and Shore D (loading force
of 4536 g) for hard elastomers and polymers.

Abbreviations
2D: Two-dimensional; 3D: Three-dimensional; ACGME: American Council for
Graduate Medical Education; ASE: Anatomical Sciences Education;
CT: Computer Tomography; EBUS-TBNA: [endobronchial ultrasound-guided
transbronchial needle aspirate] training; SGD: Singapore Dollar;
STL: Stereolithography

Acknowledgements
We would like to thank the following individuals: Eric Yap Peng Huat, Iris
Ahn Hyun Seon, Jerome Ingmar Rotgans, David Lloyd, Rebecca Lavanie
David, Albert Lim Yick Hou, and Dave Lim Bo Yu, whose dedicated
contributions greatly facilitated this study.

Ho et al. BMC Medical Education          (2019) 19:236 Page 6 of 8



Authors’ contributions
BHHK conducted the study and collaborated with the other authors with
respect to the following: CCJ assisted in writing and formatting the
manuscript; GJST provided radiological resources, including computed
tomography (CT) scans of the thorax, advice on segmentation technique
and feedback about the segmented models; WYY supervised the three-
dimensional printing of the models; JTHK produced the three-dimensional
prints and assisted in post-processing refinement of the models; ALYH
assisted in logistics and study planning; MAF assisted in reviewing the study
methodology and manuscript reading; SRM proposed the study and super-
vised its conduct. All authors read and approved the final manuscript.

Funding
This project was funded by the Lee Kong Chian School of Medicine,
Nanyang Technological University Singapore Start-Up Grant.

Availability of data and materials
Data analyzed during this study are included in this published article.

Ethics approval and consent to participate
Approved by Nanyang Technological University’s Institutional Review Board
(IRB-2017-05-052). Prior to the study, informed consent was obtained and
documented from participants (bronchoscopists). Following IRB approval, CT
scans were anonymised from three patients and written consent was not
applicable in this case.

Consent for publication
Not applicable.

Competing interests
All authors declare no conflict of interests.

Author details
1Lee Kong Chian School of Medicine, Nanyang Technological University, 11
Mandalay Road, Singapore 308232, Singapore. 2Diagnostic Radiology, Tan
Tock Seng Hospital, Singapore, Singapore. 3Singapore Centre for 3D Printing,
School of Mechanical and Aerospace Engineering, Nanyang Technological
University, Singapore, Singapore. 4Respiratory and Critical Care Medicine
Clinic, Tan Tock Seng Hospital, Singapore, Singapore.

Received: 3 March 2019 Accepted: 19 June 2019

References
1. Jemal A, Bray F, Center MM, et al. Global cancer statistics. CA Cancer J Clin.

2011;61(2):69–90. https://doi.org/10.3322/caac.20107 published Online First:
2011/02/08.

2. Walters S, Maringe C, Coleman MP, et al. Lung cancer survival and stage at
diagnosis in Australia, Canada, Denmark, Norway, Sweden and the UK: a
population-based study, 2004–2007. Thorax. 2013;68(6):551.

3. Weinberger SMS. Diagnostic evaluation and management of the solitary
pulmonary nodule. Waltham: Ted. W. Post; 2017. accessed 17 Aug 2017

4. Becker HD. Bronchoscopy: the past, the present, and the future. Clin Chest
Med. 2010;31(1):1–18. https://doi.org/10.1016/j.ccm.2009.11.001 [published
Online First: 2010/02/23].

5. Snell A, Mackay J. Bronchoscopic anatomy. Anaesth Inten Care Med. 9(12):
542–4. https://doi.org/10.1016/j.mpaic.2008.09.022.

6. Ernst A, Wahidi MM, Read CA, et al. Adult Bronchoscopy Training: Current
State and Suggestions for the Future: CHEST Expert Panel Report. Chest.
2015;148(2):321–32. https://doi.org/10.1378/chest.14-0678 [published Online
First: 2015/02/13].

7. Fielding DI, Maldonado F, Murgu S. Achieving competency in
bronchoscopy: challenges and opportunities. Respirology (Carlton, Vic).
2014;19(4):472–82. https://doi.org/10.1111/resp.12279 [published Online
First: 2014/04/03].

8. Kennedy CC, Maldonado F, Cook DA. Simulation-based bronchoscopy
training: systematic review and meta-analysis. Chest. 2013;144(1):183–92.
https://doi.org/10.1378/chest.12-1786 [published Online First: 2013/02/02].

9. McSparron JI, Michaud GC, Gordan PL, et al. Simulation for Skills-based
Education in Pulmonary and Critical Care Medicine. Ann Am Thorac Soc.

2015;12(4):579–86. https://doi.org/10.1513/AnnalsATS.201410-461AR
published Online First: 2015/02/24.

10. Han B, Liu Y, Zhang X, et al. Three-dimensional printing as an aid to airway
evaluation after tracheotomy in a patient with laryngeal carcinoma. BMC
Anesthesiol. 2016;16(6). https://doi.org/10.1186/s12871-015-0170-1.

11. Tam MD, Laycock SD, Jayne D, et al. 3-D printouts of the tracheobronchial
tree generated from CT images as an aid to management in a case of
tracheobronchial chondromalacia caused by relapsing polychondritis. J
Radiol Case Rep. 2013;7(8):34–43. https://doi.org/10.3941/jrcr.v7i8.1390.

12. Wilson CA, Arthurs OJ, Black AE, et al. Printed three-dimensional airway
model assists planning of single-lung ventilation in a small child. Br J
Anaesth. 2015;115(4):616–20. https://doi.org/10.1093/bja/aev305 published
Online First: 2015/09/20.

13. Pedersen TH, Gysin J, Wegmann A, et al. A randomised, controlled trial
evaluating a low cost, 3D-printed bronchoscopy simulator. Anaesthesia.
2017;72(8):1005–9. https://doi.org/10.1111/anae.13951.

14. Cheng G, McSparron J, Ochoa S, et al. A Comparison of 3D-Printed Airway
Model Versus Standard Model for Bronchoscopy Training. CHEST. 148(4):
458A. https://doi.org/10.1378/chest.2270076.

15. Byrne T, Yong SA, Steinfort DP. Development and Assessment of a Low-
Cost 3D-printed Airway Model for Bronchoscopy Simulation Training. J
Bronchol Interven Pulm. 2016;23(3):251–4. https://doi.org/10.1097/lbr.
0000000000000257 published Online First: 2016/04/14.

16. Al-Ramahi J, Luo H, Fang R, et al. Development of an Innovative 3D
Printed Rigid Bronchoscopy Training Model. Ann Otol Rhinol Laryngol.
2016;125(12):965–9. https://doi.org/10.1177/0003489416667742 [published
Online First: 2016/09/09].

17. Osswald M, Wegmann A, Greif R, et al. Facilitation of bronchoscopy
teaching with easily accessible low-cost 3D-printing. Trends Anaesth Crit
Care. https://doi.org/10.1016/j.tacc.2017.07.001.

18. Hornung A, Kumpf M, Baden W, et al. Realistic 3D-Printed Tracheobronchial
Tree Model from a 1-Year-Old Girl for Pediatric Bronchoscopy Training.
Respiration Int Rev Thoracic Dis. 2017;93(4):293–5. https://doi.org/10.1159/
000459631 [published Online First: 2017/03/06].

19. Di Domenico S, Simonassi C, Chessa L. Inexpensive anatomical trainer for
bronchoscopy. Interact Cardiovasc Thorac Surg. 2007;6(4):567–9. https://doi.
org/10.1510/icvts.2007.153601 published Online First: 2007/08/03.

20. Suter MJ, Reinhardt JM, McLennan G. Integrated Ct/Bronchoscopy in the
central airways: preliminary results. Acad Radiol. 2008;15(6):786–98. https://
doi.org/10.1016/j.acra.2008.03.001.

21. Volonghi P, Baronio G, Signoroni A. 3D scanning and geometry
processing techniques for customised hand orthotics: an experimental
assessment. Virtual Phys Prototyp. 2018;13(2):105–16. https://doi.org/10.
1080/17452759.2018.1426328.

22. Santos S, Soares B, Leite M, et al. Design and development of a customised
knee positioning orthosis using low cost 3D printers. Virtual Phys Prototyp.
2017;12(4):322–32. https://doi.org/10.1080/17452759.2017.1350552.

23. Javan R, Herrin D, Tangestanipoor A. Understanding spatially complex
segmental and branch anatomy using 3D printing: liver, lung, prostate,
coronary arteries, and circle of willis. Acad Radiol. 2016;23(9):1183–9. https://
doi.org/10.1016/j.acra.2016.04.010 [published Online First: 2016/06/11].

24. Mogali SR, Yeong WY, Tan HKJ, et al. Evaluation by medical students of
the educational value of multi-material and multi-colored three-
dimensional printed models of the upper limb for anatomical
education. Anat Sci Educ. 2017. https://doi.org/10.1002/ase.1703
published Online First: 2017/05/26.

25. Chen S, Pan Z, Wu Y, et al. The role of three-dimensional printed models of
skull in anatomy education: a randomized controlled trail. Sci Rep. 2017;7:
575. https://doi.org/10.1038/s41598-017-00647-1.

26. Jones TW, Seckeler MD. Use of 3D models of vascular rings and slings to
improve resident education. Congenit Heart Dis:n/a-n/a. https://doi.org/10.
1111/chd.12486.

27. Loke YH, Harahsheh AS, Krieger A, et al. Usage of 3D models of tetralogy of
Fallot for medical education: impact on learning congenital heart disease.
BMC Med Educ. 2017;17(1):54. https://doi.org/10.1186/s12909-017-0889-0
published Online First: 2017/03/13.

28. Rose AS, Kimbell JS, Webster CE, et al. Multi-material 3D Models for
Temporal Bone Surgical Simulation. Annals of Otology. Rhinol Laryngol.
2015;124(7):528–36. https://doi.org/10.1177/0003489415570937.

29. Waran V, Narayanan V, Karuppiah R, et al. Utility of multimaterial 3D printers
in creating models with pathological entities to enhance the training

Ho et al. BMC Medical Education          (2019) 19:236 Page 7 of 8

https://doi.org/10.3322/caac.20107
https://doi.org/10.1016/j.ccm.2009.11.001
https://doi.org/10.1016/j.mpaic.2008.09.022
https://doi.org/10.1378/chest.14-0678
https://doi.org/10.1111/resp.12279
https://doi.org/10.1378/chest.12-1786
https://doi.org/10.1513/AnnalsATS.201410-461AR
https://doi.org/10.1186/s12871-015-0170-1
https://doi.org/10.3941/jrcr.v7i8.1390
https://doi.org/10.1093/bja/aev305
https://doi.org/10.1111/anae.13951
https://doi.org/10.1378/chest.2270076
https://doi.org/10.1097/lbr.0000000000000257
https://doi.org/10.1097/lbr.0000000000000257
https://doi.org/10.1177/0003489416667742
https://doi.org/10.1016/j.tacc.2017.07.001
https://doi.org/10.1159/000459631
https://doi.org/10.1159/000459631
https://doi.org/10.1510/icvts.2007.153601
https://doi.org/10.1510/icvts.2007.153601
https://doi.org/10.1016/j.acra.2008.03.001
https://doi.org/10.1016/j.acra.2008.03.001
https://doi.org/10.1080/17452759.2018.1426328
https://doi.org/10.1080/17452759.2018.1426328
https://doi.org/10.1080/17452759.2017.1350552
https://doi.org/10.1016/j.acra.2016.04.010
https://doi.org/10.1016/j.acra.2016.04.010
https://doi.org/10.1002/ase.1703
https://doi.org/10.1038/s41598-017-00647-1
https://doi.org/10.1111/chd.12486
https://doi.org/10.1111/chd.12486
https://doi.org/10.1186/s12909-017-0889-0
https://doi.org/10.1177/0003489415570937


experience of neurosurgeons. J Neurosurg. 2013;120(2):489–92. https://doi.
org/10.3171/2013.11.JNS131066.

30. Mogali SR, Yeong WY, Tan HKJ, et al. Evaluation by medical students of
the educational value of multi-material and multi-colored three-
dimensional printed models of the upper limb for anatomical
education. Anat Sci Educ. 2018;11(1):54–64. https://doi.org/10.1002/ase.
1703 published Online First: 2017/05/26.

31. Yang H, Lim JC, Liu Y, et al. Performance evaluation of ProJet multi-material
jetting 3D printer. Virtual Phys Prototyp. 2017;12(1):95–103. https://doi.org/
10.1080/17452759.2016.1242915.

32. Yap YL, Wang C, Sing SL, et al. Material jetting additive manufacturing: An
experimental study using designed metrological benchmarks. Precis Eng.
2017;50:275–85. https://doi.org/10.1016/j.precisioneng.2017.05.015.

33. Kavanagh KR, Cote V, Tsui Y, et al. Pediatric laryngeal simulator using 3D
printed models: A novel technique. Laryngoscope. 2017;127(4):E132–E37.
https://doi.org/10.1002/lary.26326.

34. Bustamante S, Bose S, Bishop P, et al. Novel application of rapid prototyping
for simulation of bronchoscopic anatomy. J Cardiothorac Vasc Anesth. 2014;
28(4):1122–5. https://doi.org/10.1053/j.jvca.2013.08.015 published Online
First: 2013/12/18.

35. Bartel T, Rivard A, Jimenez A, et al. Medical three-dimensional printing opens
up new opportunities in cardiology and cardiac surgery. Eur Heart J. 2017.
https://doi.org/10.1093/eurheartj/ehx016 published Online First: 2017/03/23.

36. Marro A, Bandukwala T, Mak W. Three-Dimensional Printing and Medical
Imaging: A Review of the Methods and Applications. Curr Probl Diagn
Radiol. 2016;45(1):2–9. https://doi.org/10.1067/j.cpradiol.2015.07.009
published Online First: 2015/08/25.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ho et al. BMC Medical Education          (2019) 19:236 Page 8 of 8

https://doi.org/10.3171/2013.11.JNS131066
https://doi.org/10.3171/2013.11.JNS131066
https://doi.org/10.1002/ase.1703
https://doi.org/10.1002/ase.1703
https://doi.org/10.1080/17452759.2016.1242915
https://doi.org/10.1080/17452759.2016.1242915
https://doi.org/10.1016/j.precisioneng.2017.05.015
https://doi.org/10.1002/lary.26326
https://doi.org/10.1053/j.jvca.2013.08.015
https://doi.org/10.1093/eurheartj/ehx016
https://doi.org/10.1067/j.cpradiol.2015.07.009

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study Design
	Development of Multi-material 3D Printed Models
	Study Participants
	Conduct of Bronchoscopic Evaluation
	Design of Bronchoscopic Validation Metric
	Statistical Analyses

	Results
	3D printed models of airways
	Validation by Bronchoscopists

	Discussion
	Limitations

	Conclusions
	Shore scale measures the hardness of a material by testing the resistance of the material against a device called the durometer. The durometer is an spring-loaded indenter that applies a force to the material. Should the material be easily indented, i...
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

