
Abstract. Background/Aim: A three-dimensional (3D)
printed tracheostomy tube has potential application for
patients who require a specialized tube. The aim of this study
was to evaluate the characteristics of various 3D printing
materials and determine their use in producing 3D-printed
tracheostomy tube. Materials and Methods: Mechanical,
chemical, and microbiological in vivo changes in the
scaffolds were analyzed using a hamster cheek pouch (HCP)
model. Results: The poly methyl methacylate (PMMA)-resin
showed superior pre- and post-insertion mechanical
properties and a relatively consistent lower biofilm formation
compared with other scaffolds. PMMA-resin was successfully
3D-printed with dimensional accuracy without a support
system. The use of a 3D-printed PMMA tracheostomy tube in
a rabbit trachea showed no definite signs of infection, allergy
or foreign body reaction. Conclusion: PMMA-resin can be
proposed as an alternative for a 3D-printed tracheostomy
tube material. In addition, we suggest HCPs as an in vivo
model for evaluating indwelling medical devices.

Tracheostomy is a surgical procedure for securing the airway in
cases of upper airway obstruction, prolonged assisted
ventilation, and pulmonary toilet (1). In most cases,

commercially available and prefabricated tracheostomy tubes
(TTs) are used to keep the tracheostoma open (2). However,
they often do not fit in patients, such as obese or pediatric
patients, patients with abnormal anatomy of the neck and thorax
(e.g., Duchenne muscular dystrophy), or those with
laryngotracheal disease (e.g., tracheal stenosis, or cancer) (2-7).
Although commercially available nonstandard (extended-length)
TTs do exist, it is often impractical for hospitals to carry all
possible types of TTs because of the cost, expiration dates, and
availability (3). Therefore, in most cases, nonstandard TTs
cannot be used immediately when they are needed.

With the great progress made in 3D printing and
computer-aided design (CAD), these technologies have been
widely applied in the medical field, from simulation and
preoperative planning to live-cell printing (8). Personalized
implants or casts produced by 3D printing have been
successfully introduced in the orthopedic, craniofacial
reconstruction, and dental fields (9-14). However, there have
only been a few reports on the use of 3D printing to design
airway prostheses, such as TTs (2, 15, 16). Although a 3D
model of the patient’s upper airway was used to design a
personalized tube in these studies, a real tracheostomy tube
was fabricated using conventional manufacturing methods
based on this 3D model. Therefore, to the best of our
knowledge, there have been no personalized TTs printed by
a 3D printer yet. Because 3D printing can be more
convenient, more flexible, and faster than conventional
manufacturing techniques (17), a 3D-printed personalized TT
has potential application in patients who need a specialized
tube because of medical reasons. 

The purpose of this study was to evaluate the characteristics
of various 3D printing materials using a hamster cheek pouch
(HCP) model and determine their use as a 3D-printed TT. We
used polycaprolactone (PCL), polylactic acid (PLA) and poly
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methyl methacylate (PMMA) resins for applying two different
types of 3D printing methods, which are widely used in
biomedical applications: fused deposition modeling (FDM),
and digital light processing (DLP) (18). PCL and PLA are
biodegradable synthetic materials for FDM that have superior
mechanical strengths, and comparable biocompatibilities (19,
20). PMMA-resin is a photo-curable, 3D-printable resin for
DLP, which offers many advantages in dental prosthesis
manufacturing, such as 3D-printed artificial teeth, denture
bases, provisional crowns, and dental bridge material (13, 14,
21-24). As TT is an indwelling catheter placed in the tracheal
lumen, chemical and mechanical changes of the tube as well
as biofilm formation are important factors for determining
safety for clinical application. To evaluate these properties, we
introduced an HCP model. Additionally, animal tracheostomy
was conducted to evaluate the possibility of a 3D-printed TT. 

Materials and Methods
Selecting tube material: Use of HCP model
CAD and 3D printing for specimen preparation. A cylindrical
scaffold was generated using CAD software (SOLIDWORKS,
Dassault Systèmes SolidWorks Corp., Waltham, MA, USA) (outer
diameter of 4.1 mm, inner diameter of 3.1 mm, and height of 10
mm). The PLA (CAS number 26100-51-6, Sigma-Aldrich, St.
Louis, MO, USA) and PCL (Purasorb® PC 12, Corbion Purac,
Amsterdam, the Netherlands) were placed in a heating jacket and
extruded through a steel nozzle using an FDM 3DP-Printer (T&R
Biofab, Siheung-si, Gyeonggi-do, Republic of Korea) (temperature
PLA, 190˚C; PCL, 110˚C). The inner diameter of the nozzle was
500 μm, and the thickness of each layer was 400 μm. The PMMA-
resin (NextDent™ C&B, NextDent, Soesterberg, the Netherlands)
specimens were manufactured using a DLP 3D printer (MiiCraft
Ultra 50X, MIICRAFT, Jena, Germany). The following printing
parameters were used: a printing thickness of 15 μm and curing
time of 1.5 s. After printing, the printed scaffold was briefly rinsed
with deionized water to remove any unreacted solution. A
commercially available polyvinyl chloride (PVC) TT (Portex® Blue
Line® Uncuffed Tracheostomy Tubes, Smiths Medical, Inc.,
Minneapolis, MN, USA) was used for the control group. It was cut
to achieve an outer diameter of 9.7 mm, inner diameter of 7 mm,
and height of 10 mm.

SEM. A low-vacuum scanning electron microscope (S-350N,
Hitachi, Tokyo, Japan) located at the Korea Basic Science Institute,
Chuncheon, Republic of Korea, was used. The scaffold samples
were coated with a thin 10 nm layer of gold/palladium using an ion
sputterer (1010, Hitachi, Tokyo, Japan) at a discharge current of 15
mA for 30 s. Micrographs were obtained at an accelerating voltage
of 3 kV. 

Cell viability analysis using the CCK-8 assay. NIH3T3 fibroblasts
were cultured in DMEM/High Glucose (Welgene Inc., Gyeongsan,
Korea) with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) and incubated at 37˚C in an atmosphere of 5% CO2. The
proliferation activity of NIH3T3 fibroblasts was quantified at day 2
using a cell viability assay kit (Quanti-Max, Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). The cells were rinsed in

phosphate-buffered saline (PBS, pH 7.4) and then submersed in 10 μl
CCK-8 reagent diluted with 100 μl of medium at 37˚C for 30 min. The
absorbance readings at 450 nm were obtained using a GloMax system
(Promega, GloMax Navigator Microplate Luminmeter®, Madison, WI,
USA) at 72 and 96 h.

Insertion of the scaffold into an HCP. Twelve male Golden Syrian
hamsters (Japan SLC, Nagoya, Japan) with approximate weight of
120 g were used. The animals were anesthetized using an
intraperitoneal injection of a mixture of 1 ml ketamine (8.3 μl/g,
Huons, Seongnam, Gyeonggi-do, Republic of Korea) and 0.5 ml
Rumpun® (4.1 μl/g, xylazine chloride, Bayer Korea, Seoul, Republic
of Korea). After exposing the cheek pouches, a single scaffold was
inserted into each cheek pouch. Each group was composed of three
animals, and a total of six scaffolds were used for each group. The
cheek pouch opening was closed by purse-string suturing with 3-0
silk (Ethicon Inc., Somerville, NJ, USA). After 2 weeks of insertion,
the scaffolds were removed from the HCPs. This study was approved
by the institutional review board of Hallym University (Hallym
2018-67), Chuncheon, Republic of Korea.

Fourier transform infrared (FTIR) spectroscopy. A Frontier Optica
(PerkinElmer Inc., Buckinghamshire, UK) spectrometer was used
to analyze the attenuated total reflection (ATR)-FTIR spectra of the
scaffolds to confirm the secondary chemical transition of the
scaffolds after the in vivo insertion. The spectra were recorded from
8,300 to 350 cm–1 with a 0.4 cm–1 resolution and 32 scans.

Mechanical tests. The uniaxial compressive property of each
scaffold was measured using a universal testing machine (QM100S,
qmesys, Kyounggi, Republic of Korea) with a 200 kN capacity load
cell and crosshead loading rate of 0.5 mm min–1. The force required
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Figure 1. Scheme of the 3D printing process for 3D-printed PMMA-
resin tube. The PMMA-resin tracheostomy tube was manufactured in a
layer-by-layer through photopolymerization of the PMMA-resin by
ultraviolet light. PMMA: Poly methyl methacylate; DLP: digital light
processing; UV: ultraviolet.



to pull the specimen apart and the magnitude of the sample strength
before breaking were measured. Three samples of each scaffold
were used for this analysis.

Biofilms assay. Each scaffold was removed from the HCP 2 weeks
after the insertion, and the cheek pouch mucosa tissues were
harvested. The cheek pouch mucosa harvested the outer and the
luminal surfaces of the scaffolds/were rinsed with 10 ml of sterile
0.9% saline solution. The microbial concentration of the rinsing
solution was determined using the standard microbiological serial
dilution method and plating on different culture agar media. The
growth medium for Pseudomonas aeruginosa (P. aeruginosa) was
made by suspending 38 g of the Pseudomonas agar F (BD
Biosciences, Bedford, MA, USA) in 1 l of base buffer containing
10 g glycerol. The growth medium for Staphylococcus aureus (S.
aureus) was made by suspending 63 g of the Staphylococcus
medium 110 (BD Biosciences) in 950 ml of deionized water. After
boiling for 1 min, the powder was completely dissolved and it was
autoclaved at 121˚C for 15 min. The rinsing solutions for the
scaffolds and oral mucosa tissues were inoculated into the growth
media for 24 h at 37˚C and the colony-forming units (CFUs) were
counted manually. Candida albicans (C. albicans) was analyzed
using 3M Petrifilm (3M Petrifilm, St. Paul, MN, USA) and
incubated at 37˚C for 48 h. 

Feasibility test for 3D printed tracheostomy tube
3D printing. Computed tomography (CT) images of a 20-week-old
rabbit were taken to observe the airway anatomy for the 3D design
of the TT. It was confirmed that the inner diameter was
approximately 6.5 mm, and the outer diameter was approximately
7.5 mm. Based on this result, a 3D model of TT for the rabbit was
generated (SOLIDWORKS, Dassault Systèmes SolidWorks Corp.,
Waltham, MA, USA). The 3D model of the TT was composed of a
tube shaft and neck flange, designed as an angled tube (90˚) with
curved and straight portions. The tube shaft was manufactured with
a DLP 3D printer (MiiCraft Ultra 50X, MIICRAFT, Jena, Germany)
using the PMMA-resin, and printing parameters were the same as
for a cylindrical scaffold (Figure 1). The neck flange was
manufactured with silicone (Dow Corning® SE 1700, Midland, MI,
USA) using an FDM 3D-Discovery™ 3D bio-printer (regenHu,
Fribourg, Switzerland). The inner diameter of the nozzle was 0.25
mm, and the thickness of each layer was 0.22 mm. 

Tracheostomy. New Zealand rabbits (20 weeks old and weighing
3.5~3.7 kg, n=2) were used. This study was approved by the
Institutional Review Board of Hallym University, Chuncheon,
Republic of Korea (Hallym 2017-67). The animals were
anesthetized by an intramuscular injection of a mixture of 2 ml
Ketamine (0.6 ml/kg, Huons) and 1 ml Rumpun® (0.3 ml/kg
xylazine chloride, Bayer, Republic of Korea). After exposing the
trachea, one cartilage ring was removed, and the prepared 3D
printed TT was inserted into the tracheostoma. Neck straps were
used to keep the tracheostomy tube in place. Bronchoscopy (rigid 4
mm 0˚ endoscope, Karl Storz, Tuttlingen, Germany) and CT scan
were performed. 

Histology. The trachea specimen was retrieved 3 weeks after the
tracheostomy. The specimen was embedded in a paraffin block and
sectioned into 5 μm thick slices, placed on slides, and then stained
with hematoxylin-eosin (H&E).  

Statistical analysis. All data are presented as the mean±standard
deviation. A statistical analysis of the experimental results was
performed using the Statistical Package for Social Sciences software
program (SPSS) (SPSS Inc., Chicago, IL, USA). A p-value was
generated with a Student’s t-test, with the statistical significance set
at *p<0.05, **p<0.01, and ***p<0.005. 

Results

SEM data and CCK-8 assay. Figure 2 shows the external
appearance and SEM images of the scaffolds. Because the
FDM printer builds structures layer by layer from the bottom
up, we could observe the deposited PLA or PCL fibers in the
scaffolds using SEM images. However, the PMMA-resin
scaffold printed by the DLP printer showed no fiber structures.
Except for this difference in printing methods (FDM versus
DLP), no definite contaminating foreign materials or cracks on
the surface were found in any of the different types of
scaffolds. The cell viability values for the NIH3T fibroblasts
were higher in all groups compared to the control group,
indicating that no toxic effects could be attributed to the
scaffolds. There were no statistically significant cell viability
differences based on time between the scaffolds (Figure 2).

In vivo study using HCPs
FTIR spectroscopy. The FTIR spectra of each scaffold before
insertion and two weeks after insertion showed no significant
difference in the functional groups. These results indicated
that there was no structural transition in the scaffold during
the in vivo insertion (Figure 3).

Mechanical properties. The compressive strengths before
implantation were 679.8±28.6 kPa in the PVC scaffolds,
4977.1±4.2 kPa in the PCL scaffolds, 7121.5±6.4 kPa in the
PLA scaffolds, and 9734.9±4.2 kPa in the PMMA-resin
scaffolds. After two weeks of implantation in the HCP, each
scaffold showed decreased compressive strength compared
to the pre-insertion value. These were 555.0±7.1 kPa in the
PVC scaffolds, 3386.4±5.7 kPa in the PCL scaffolds,
6678.8±16.3 kPa in the PLA scaffolds, and 7428.5±2.8 kPa
in the PMMA-resin scaffolds. The 3D printed PCL, PLA,
and PMMA-resin scaffolds demonstrated higher pre- and
post-insertion compressive strengths than the conventional
PVC scaffold. In addition, the PMMA-based resin showed
the highest pre- and post-insertion compressive strengths
(Figure 3). 

Biofilm assay. Biofilms remain a common problem
associated with indwelling medical devices, such as TTs.
Therefore, in this study, S. aureus (gram-positive bacteria)
and P. aeruginosa (gram-negative bacteria) were selected
as experimental strains to evaluate the antibacterial
activities of the various scaffolds. Biofilms appeared to
form on both the surface and inner lumen of the scaffold in
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Figure 2. Images of the scaffolds and cell viability differences between them. A: External appearance and SEM images of the scaffolds. The PCL
and PLA scaffolds printed by the FDM printer showed deposited fiber structures. The PMMA-resin scaffold printed by the DLP printer showed no
fiber structures. B: Cell viability analysis using CCK-8 assay. Each scaffold showed no cytotoxicity. PVC: Polyvinyl chloride; PCL:
polycaprolactone; PLA: polylactic acid; PMMA: poly methyl methacylate; FDM: fused deposition modeling; DLP: digital light processing. ×1
(Light microscope), ×10,000 μm2 (SEM). 



the SEM images. A significant increase in the number of
adherent bacterial cells was obvious in the PVC scaffold.
We could observe cocci-, rod-shaped bacteria, and Candida
spp. embedded in the biofilm. The PMMA-resin
demonstrated an obviously decreased number of bacterial
cells compared to the other scaffolds (Figure 4). The CFU
counts for S. aureus and P. aeruginosa were significantly
higher in the PVC scaffold than in the PCL, PLA, and
PMMA-resin scaffolds (Figure 4). The PMMA-resin
scaffold showed the lowest S. aureus count among the four
types of scaffolds (p<0.05), and the P. aeruginosa count for
the PLA scaffold was significantly lower than those of the
other scaffolds (p<0.05). However, the PCL scaffold
showed the highest bacterial counts among the 3D printed
scaffolds (PCL, PLA, and PMMA-resin). The CFU counts
for S. aureus and P. aeruginosa in the HCP tissues were
similar to those of the scaffolds. The CFU count for C.
albicans was significantly higher in the PLA scaffold than
in the other scaffolds (PVC, PCL, and PMMA-resin
scaffold), and the PMMA-resin scaffold showed the lowest
value (p<0.005). However, C. albicans was not detected in
the cheek pouch tissues (Figure 4).

Feasibility test for 3D printed TT: Printabilty & clinical
usefulness. Based on the results of the in vivo insertion tests,
PMMA-resin was finally selected as the material for the 3D
printed tracheostomy tube for the following reasons. 1) The
PMMA-resin showed pre- and post-insertion mechanical
properties that were superior to those of the other scaffolds.
2) It also showed no definite cytotoxic effect. 3) There were
no definite chemical changes during the in vivo insertion,
and 4) it showed a relatively consistently lower biofilm
formation than the other scaffolds. Figure 5 shows the gross
appearance of the 3D-printed tube. TT, an angled cylinder,
was successfully 3D-printed without support (sacrificial
mold). The mean length, inner/outer diameter, and the angle
of the 3D-printed TT are presented in Table I. Three samples
were tested. All parameters were significantly close to the
CAD design. During tracheostomy, the 3D-printed PMMA-
resin tube was inserted into the rabbit trachea without any
difficulty (Figure 5). The bronchoscopy indicated that the
PMMA-resin tube was inserted in the proper position in the
tracheal lumen, and the diameter of the tube was suitably
adapted to the diameter of the trachea. Mild granulation
tissue was noticed around the stoma three weeks after the
tracheostomy. However, the cannula was still properly placed
in the tracheal lumen (Figure 6). The axial, sagittal, and 3D-
reconstructed CT scan images also showed a properly
positioned TT with no signs of associated complications,
such as infection, tube displacement, or tracheal stenosis.
The histology of the tracheal specimen after three weeks
demonstrated the thickening of the epithelium and
inflammatory tissue debris around the anterior portion of the
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Figure 3. In vivo study using hamster cheek pouches. A: FTIR analysis.
Each scaffold showed no definite chemical changes during in vivo
insertion B: Mechanical properties. The PMMA-resin showed superior
pre- and post-insertion mechanical properties. PVC: Polyvinyl chloride;
PCL: polycaprolactone; PLA: polylactic acid; PMMA: poly methyl
methacylate. *p<0.05, and ***p<0.005.



trachea (stoma site). However, the normal structure (mucosa,
submucosa, and cartilage) of the tracheal lumen was
relatively well maintained. The posterior-lateral tracheal wall
showed no definite inflammatory cells with normal luminal
structure (Figure 6). 

Discussion

This was the first study of a 3D-printed TT to combine the
use of a computer-aided 3D model and biomaterial 3D
printing. There are several requirements for ideal TTs, such
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Figure 4. Biofilms assay on inserted scaffolds & cheek pouch mucosa. A: SEM images of the outer and luminal surface of the scaffolds. B: CFU
counts for S. aureus, P. aeruginosa, and C. albicans. CFU: Colony-forming unit. ×30,000 μm2 (SEM). *p<0.05, and ***p<0.005.



as proper rigidity for maintaining a tracheal lumen, lower
cytotoxic effects on the tracheal mucosa, and anti-biofilm
activity for preventing associated complications, such as
wound infections, respiratory infections, tube obstruction,
and tracheal stenosis (25). In addition, any chemical and
mechanical changes in the tube during insertion are
important issues, as TT is an indwelling medical prosthesis
that lasts at least one week and up to several months in the
tracheal lumen. 

To evaluate these aspects, we introduced an HCP model in
this study. It is best to evaluate changes in the TT under the
same physiological conditions (tracheostomized animal),
however, this method has several disadvantages, including
costliness, and invasiveness of the surgery. HCPs are bilateral
invaginations of the oral mucosa, and one of the most well-
characterized animal models for oral carcinogenesis, and oral
mucositis (26, 27). Since a major role of the HCP is storing
food and bedding, we used HCPs as a storage/insertion space

for scaffolds. We could easily carry scaffolds in the HCPs for
two weeks by simple purse-string suturing of the HCP
opening. HCPs could provide in vivo environments similar to
the tracheal lumen, including secretion (saliva) from the oral
mucosa, and normal bacterial flora. From this point of view,
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Figure 5. Tracheostomy with 3D printed tracheostomy tube. (A) CAD model and gross appearance of the 3D printed PMMA resin tube, (B)
tracheostomy procedure in New Zealand rabbit. Arrow indicates inserted tube. PMMA: Poly methyl methacylate.

Table I. Characteristics of the 3D printed PMMA tube.

(mm) 3D Model PMMA tube

Length A 17 17.10±0.05
Length B 20 20.13±0.08
Length C 22 22.07±0.03
Length D 26 26.07±0.06
Inner diameter 3 3.03±0.03 
Outer diameter 4 4.03±0.03

PMMA: Poly methyl methacylate.



we could suggest HCPs as an in vivo model for evaluating
indwelling medical devices, such as a tracheostomy tube, and
an oral/dental prosthesis. Using HCP models, we observed
that none of the materials showed significant chemical
changes during insertion. In addition, the PMMA-resin
showed the highest compressive strength. 

Antibacterial and antifungal properties are another concern
when selecting 3D-printable materials for a TT. S. aureus,
Staphylococcus epidermidis, P. aeruginosa, and Candida
spp. have been identified as the most frequent pathogens
colonizing the inner lumen of TTs (28). Biofilms are
associated with upper respiratory infections, TT obstruction,

and wound infections by Staphylococcus and Pseudomonas
spp. (25, 29). Therefore, there have been several new trials
to decrease wound infections by decreasing the presence of
biofilms (17). From this point of view, we evaluated the
biofilm formation in each of the scaffolds. The PLA and
PMMA-resin scaffolds demonstrated lower bacterial counts
for S. aureus and P. aeruginosa compared to the other
scaffolds. However, PLA showed the highest Candida count.
Taken together, the PMMA-resin showed relatively
consistently lower CFU counts for S. aureus, P. aeruginosa,
and C. albicans. Regarding the characteristics of the
material, it has been known that the hydrophobicity,
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Figure 6. Assessments of post-tracheostomy procedure. A: Immediate bronchoscope findings and 3 weeks after tracheostomy. The PMMA-resin tube
was inserted in the proper position in the tracheal lumen. Mild granulation tissue was noticed around the stoma three weeks after the tracheostomy.
Asterisk indicating the tube. B: CT images of the rabbit 3 weeks after tracheostomy. Arrow indicating the tube, C: Gross findings and H&E-stained
sections of harvested trachea 3 weeks after tracheostomy. Arrows indicate tracheal epithelium. Thickening of the epithelium was observed on the
tracheal anterior wall (stoma site). ×1 (gross images), ×200 (H&E). PMMA: Poly methyl methacylate; H&E: hematoxylin and eosin.



roughness, surface chemistry, and surface free energy of an
implant play important roles in biofilm formation (30, 31).
In this study, PCL and PLA showed the highest CFU counts
for S. aureus, P. aeruginosa, and C. albicans. These results
could be attributed to the surface roughness differences
between the scaffolds according to the 3D-printing method
(FDM, DLP), as well as the difference in the physical-
chemical properties of the material (31). 

Based on these results, PMMA-resin was finally selected
as the material for a 3D printed TT. The 3D-designed
model was successfully 3D-printed without a support
system using a DLP printer. In the rabbit tracheostomy
experiment, the 3D-printed PMMA-resin tube was easily
inserted into the rabbit trachea. In addition, it was
confirmed that the tube was properly positioned in the
tracheal lumen for three weeks without complications. The
histology also revealed no definite signs of infection,
allergy or foreign body reactions in the tracheal mucosa to
the PMMA-resin. 

PMMA-resin can be suggested as an alternative 3D-
printed TT material that can be used in a DLP 3D printer: 1)
The PMMA-resin showed superior pre- and post-insertion
mechanical properties. 2) It showed no definite cytotoxicity.
3) There were no definite chemical changes and lower
biofilm formation during the in vivo insertion, and 4) It
showed dimensional accuracy in the 3D-printing of TTs.
Although this study showed the considerable potential of a
PMMA-resin TT, there are some limitations to clinical
applications. Because this investigation was designed as a
preliminary study, it might be relatively insufficient in a
long-term evaluation. Therefore, before clinical application,
long-term and larger animal studies are warranted. 
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