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Purpose: Ear reconstruction is one of the most difficult areas in the field of reconstructive surgery. Due to limitations of the cur-
rent practice, a novel method of auricular reconstruction is needed. Major advancements in three-dimensional (3D) printing
technique have rendered the process of ear reconstruction more favorable. Herein, we present our experience in designing and
clinically using 3D implants in both 1st and 2nd stage ear reconstruction surgery.

Materials and Methods: After obtaining 3D CT data from each patient, a 3D geometric ear model was created using mirroring
and segmentation processes. The 3D-printed implant design resembles but does not exactly match the normal ear shape, and
can be inserted in harmony with the currently used surgical technique. The 2nd stage implant was designed to minimize dead
space and support the posterior ear helix. The 3D implants were finally fabricated with a 3D printing system and used in ear re-
construction surgery in our institute.

Results: The 3D implants were manufactured for application to the currently used two-stage technique while maintaining the
shape of the patient’s normal ear. The implants were successfully used for ear reconstruction surgery in microtia patients. A few
months later, the 2nd stage implant was used in the 2nd stage operation.

Conclusion: The authors were able to design, fabricate, and apply patient-specific 3D-printed ear implants for 1st and 2nd stage ear
reconstruction surgeries. This design, combined with 3D bioprinting technique, may be a future alternative for ear reconstruction.
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of reconstructive surgery. Building a delicate three-dimension-
al (3D) cartilage framework and utilizing the limited skin flap
of the temporal area to cover the framework with less tension
render the entire procedure difficult.

INTRODUCTION

Auricular reconstruction is a challenging procedure in the field
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Since Tanzer’s' introduction of four-stage ear reconstruc-
tion in 1959, several modifications and improvements have
been made, including the reconstructive methods proposed
by Brent* and Nagata.’ Currently, Nagata’s® two-stage surgery
is the most commonly performed auricular reconstruction
procedure. Reinisch and Lewin* suggested a method using
porous polyethylene framework and subsequently, alloplastic
implants have been used on a case-by-case basis for over a de-
cade. Autogenous costal cartilage is currently the most com-
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monly used,'® although numerous limitations exist. First,
donor-site morbidity is an issue.” Second, when using the pa-
tient’s own costal cartilage, the framework has to be carved in
the operating room, thus extending the total operation time.®
In addition, the quality of the manually carved framework is
dependent on the surgeon’s ability and experience, leading to
various results. Alloplastic frameworks were developed to
overcome these disadvantages. However, uniform results have
not been obtained since the implants are not customized for
each patient. Therefore, a novel method of auricular recon-
struction is still needed.

Major advancements in 3D printing technique’ has made it
possible for use in the field of ear reconstruction. Since most pa-
tients have unilateral microtia, a 3D-printed framework could
be designed based on the contralateral unaffected ear. Several
reports have been published regarding the 3D printing tech-
niques used for ear reconstruction;*** however, most remain at
an experimental stage or are focused on developing 3D print-
ing materials.

To fully utilize 3D printing in ear reconstruction, the tech-
nique must be applied to the currently used reconstruction
method. The materials and printing technique used for the 3D
scaffold are important, as well as the framework design. The
authors have previously reported an ideal scaffold design," and
herein present their clinical experience designing a 3D implant
used in surgery and creation of 3D-printed scaffold available
for use at the 2nd stage of the most commonly used two-stage
ear reconstruction surgery.

3D-Printed Implant for Ear Reconstruction

MATERIALS AND METHODS

3D implant modeling process

After obtaining DICOM data of each patient’s unaffected exter-
nal ear using 3D CT scan and analysis with a software program
(Aview, Corelinesoft, Seoul, Korea), a 3D geometric ear model
was created with mirroring and segmentation processes of the
normal ear. This design was then modified using a modeling
software (3D max) by remodeling certain parts that matched
the currently used autologous costal cartilage-based frame-
work. The 3D-printed ear design did not exactly resemble the
normal ear shape, as the “C” shape formed by the tragus and
incisura intertragica and the empty section in the concha area
allows insertion of the implant without disrupting the subcuta-
neous pedicle.”® The modeling process was followed by a
smoothing procedure to soften the 3D model and a thinning
process since a skin flap covers the framework after the opera-
tion (Figs. 1-3 and Supplementary Video 1, only online).

2nd stage 3D implant modeling process

The obtained 3D geometric ear model was used to design the
base contour of the temporal area in the 3D implant model
based on the shape of the affected ear, and the posterior au-
ricular area was designed to match the 1st stage implant to
minimize dead space and support the posterior helix. Since
the skin graft procedure is required in the 2nd stage operation,
the 2nd stage implant requires adequate width to prevent post-
operative skin contracture. Next, smoothing was performed
and modeling was complete (Fig. 4 and Supplementary Video
2, only online).

Fig. 1. Modeling process of the 1st stage 3D-printed ear model. After obtaining a CT image of the patient, the implant was designed using a software. A
section surrounding the tragus and incisura intertragica was cut to not disrupt the subcutaneous pedicle when inserted into the pocket (A). To avoid dis-
ruption of vascularity and difficulty in inserting the implant into the skin flap, the 3D scaffold was modified to be thinner than the real ear (B). 3D, three-di-
mensional.
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Fig. 2. In this patient, the helix root and tragus were connected to add stability to the implant, since the W-shaped incision was not needed to secure

the subcutaneous pedicle due to the absence of remnant ear lobule.

Fig. 3. CT image of both ears of a microtia patient (A) and the modeling process (B).

3D printing process

The 3D implant model designed following the above-men-
tioned process was finally fabricated with a 3D printing system
(TnR Mesh; T&R Biofab, Seoul, Korea) using fused deposition
modeling (FDM), as previously published by the authors. FDA-
approved polycaprolactone (PCL; molecular weight=65000 g/
mol; Sigma-Aldrich, St. Louis, MO, USA) was used to print the
scaffold for ear reconstruction surgery.”

RESULTS

The 3D-printed ear implants designed for both 1st and 2nd
stage ear reconstruction were fabricated using CT data of five
patients who were treated at our institution from 2021 to 2022.
All of the patients were adults with unilateral microtia and
never received any ear reconstruction procedures.

Fabrication of 3D-printed implants
The 3D-printed implants were fabricated to reflect the contra-
lateral unaffected ear size and 3D form. The design allowed the

https://doi.org/10.3349/ymj.2022.0547

implant to be applied to the currently used Nagata's® two-stage
ear reconstruction surgery, where lobular transposition is per-
formed using a W-shaped incision and the skin flap formed by
this incision left attached to serve as the subcutaneous pedicle.
The 2nd stage implants were produced in the manner men-
tioned in the Materials and Method section, where the base of
the temporal area and the posterior auricular area were refer-
enced to the affected ear and 1st stage implant, respectively

(Fig. 5).

Clinical application

In the 1st stage reconstruction, if a remaining ear lobule was
present, a pocket was made after lobular transposition using a
W-shaped incision, and then, the implant was inserted into
the pocket. This process took approximately half the average
time spent on the traditional ear reconstruction using autoge-
nous costal cartilage. Immediately after the surgery, symme-
try regarding the size and shape with the contralateral unaf-
fected ear was confirmed. The 2nd stage reconstruction was
performed 3 months later. An incision was made at the poste-
rior part of the reconstructed ear, and the designed 3D im-
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plant was placed inside to elevate the ear at the same angle as performed. Postoperative CT views of the patients are shown
the unaffected ear. Then, the implant was covered with super- in Fig. 6.
ficial temporal fascia flap, and full thickness skin graft was

Fig. 4. Modeling process of a 2nd stage implant. The contour of this implant was based on both the affected ear (part A) and the 1st stage implant (part
B) to minimize dead space and support the posterior helix.
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Fig. 5. Design models (A) and the actually fabricated 3D-printed ear models (B) of the five patients who underwent ear reconstruction at our institute.
3D, three-dimensional.
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Fig. 6. Preoperative (A: unaffected ear, B: affected ear) and postopera-
tive (C: after 2nd reconstruction) CT views of three microtia patients.

DISCUSSION

Since Tanzer’s introduction of auricular reconstruction, various
reconstruction procedures have been developed and many in-
depth review articles published.'*'” Despite numerous studies
and research, total ear reconstruction continues to be very chal-
lenging for surgeons due to the ear’s complex anatomy." An
accurately designed framework and the material used are im-
portant factors for successful reconstruction. Currently, the
most commonly used material is autogenous costal cartilage,>’
but it has several risks and disadvantages. First, the donor-site
morbidity may be problematic.’ The donor-site scar can be aes-
thetically unpleasing and chest wall deformity can develop over
time, caused by the absence of costal cartilage. Second, auto-
graft absorption may lead to unpredictable results.”® To over-
come these limitations, novel implants have been developed,
such as porous polyethylene (Medpor®, Stryker, MI, USA)."
When using alloplastic frameworks, molding becomes easier
and the supporting structure stronger. However, implant ex-
posure or skin flap necrosis rates increase when using these
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materials.” In addition, large area of skin coverage is required
when using Medpor®, which could lead to skin contracture or
mismatch of skin color and skin thickness.! Due to these con-
cerns regarding the ear framework, a 3D-printed bio-scaffold
ear model was used. We previously introduced the 3D printing
method and design of the custom-made 3D scaffold suitable
for ear reconstruction surgery.” The results showed that the
3D implant was successfully used in a clinical setting.

The 3D-printed ear framework has many advantages over
autogenous costal cartilage or other artificial materials, such
as porous polyethylene. First, patient-specific and accurate
designing of the ear model is possible. CT scans were used to
obtain favorable and accurate ear models. Accurate extraction
of the unaffected ear was possible by delineating different sur-
rounding tissues and selecting specific auricular cartilage tis-
sue.” Second, donor-site morbidity is not a concern. Third, the
combination of materials used for the implant can be chosen,
making it possible to achieve both ideal strength and resorp-
tion rate. Fourth, the subcutaneous pedicle can be preserved,
skin flap vascularity is superior, and postoperative complica-
tion rate, including rate of infection, exposure, or skin necro-
sis, can be reduced when using the 3D-printed ear model.?
Lastly, when using 3D printing-based PCL structures for au-
ricular cartilage, the framework has excellent mechanical prop-
erties and slow biodegradability.*

Despite several reports on different models and designs of
3D-printed ear models,®"? their clinical application has seldom
been introduced as the previously reported 3D-printed scaf-
folds were difficult for clinical application. Simply designed
“identical” ear models can cause difficulties in real operative
fields, since the implantation procedure may cause harm to
the vascularity of the skin flap by harming the subcutaneous
pedicle emphasized for blood supply in Nagata’s method.? In
contrast, our proposed 3D-printed ear framework does not dis-
rupt the subcutaneous pedicle during insertion into the pocket.
The reconstruction results of the five patients included in this
trial showed that the proposed 3D-printed framework can pro-
vide sufficient vascularity and lower the risk of exposure or in-
fection.

Numerous problems remain to be solved and issues consid-
ered in the field of ear reconstructive surgery. Further research
and clinical studies should be performed to ensure a safe, aes-
thetically satisfying, and stable tissue substitute for auricular
cartilage and extend the use of 3D-printed implants. In addi-
tion, the ethical and legal issues surrounding human stem cells
should be addressed regarding biomaterial and cell printing
technology.

In conclusion, in summary, we successfully designed and fab-
ricated patient-specific 3D-printed ear implants and clinically
proved that the implant for ear reconstruction surgery was suit-
able for the currently used two-stage method in microtia pa-
tients. The novel design combined with bioprinting technique
may be an ideal alternative for ear reconstruction.
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SUPPLEMENTARY DATA

Video 1. Video of the modeling process of 1st stage ear recon-
struction 3D model.

Video 2. Video of the modeling process of 2nd stage ear re-
construction 3D model.

ACKNOWLEDGEMENTS

This research was supported by the Korea Institute for Advance-
ment of Technology (KIAT) grant funded by the Korean govern-
ment, Ministry of Trade Industry and Energy (P0008811).

AUTHOR CONTRIBUTIONS

Conceptualization: In Sik Yun. Data curation: In Sik Yun. Formal
analysis: Oh Young Joo and In Sik Yun. Funding acquisition: In Sik
Yun. Investigation: Oh Young Joo and In Sik Yun. Methodology: In Sik
Yun. Project administration: In Sik Yun. Resources: Eun-Ju Lee, Jin-
Hyung Shim, and In Sik Yun. Software: Eun-Ju Lee, Jin-Hyung Shim,
and In Sik Yun. Supervision: Young Seok Kim, Tai Suk Roh, Hyun
Woo Cho, and In Sik Yun. Validation: In Sik Yun. Visualization: In Sik
Yun. Writing—original draft: Oh Young Joo and In Sik Yun. Writing—
review & editing: Oh Young Joo, Tae Ho Kim, and In Sik Yun. Approval
of final manuscript: all authors.

ORCID iDs

Oh Young Joo https://orcid.org/0000-0001-5736-4671
Tae Ho Kim https://orcid.org/0000-0002-9002-6719
Young SeokKim  https://orcid.org/0000-0002-0981-2107
Tai Suk Roh https://orcid.org/0000-0001-8681-159X
Eun-Ju Lee https://orcid.org/0000-0002-8082-5330
Jin-Hyung Shim  https://orcid.org/0000-0002-5407-9020
Hyun Woo Cho https://orcid.org/0000-0002-1799-8060
In Sik Yun https://orcid.org/0000-0003-1103-7047
REFERENCES

1. Tanzer RC. Total reconstruction of the external ear. Plast Reconstr
Surg Transplant Bull 1959;23:1-15.

2. Brent B. The correction of microtia with autogenous cartilage
grafts: II. Atypical and complex deformities. Plast Reconstr Surg
1980;66:13-21.

3. Nagata S. A new method of total reconstruction of the auricle for
microtia. Plast Reconstr Surg 1993;92:187-201.

4. Reinisch JE Lewin S. Ear reconstruction using a porous polyethyl-
ene framework and temporoparietal fascia flap. Facial Plast Surg
2009;25:181-9.

5. Nagata S. Total auricular reconstruction with a three-dimensional
costal cartilage framework. Ann Chir Plast Esthet 1995;40:371-99;

296

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

3D-Printed Implant for Ear Reconstruction

discussion 400-3.

. Hwang K. White radish and swine scapular cartilage models for

auricular framework carving training. Arch Craniofac Surg 2020;
21:225-8.

. ChoiJH, Roh TS, Lee WJ, Baek W. Cranioplasty and temporal hol-

lowing correction with a three-dimensional printed bioresorb-
able mesh and double vertical suture anchor muscle sling: a case
report. Arch Craniofac Surg 2022;23:178-82.

. Lee JS, Kim BS, Seo D, Park JH, Cho DW. Three-dimensional cell

printing of large-volume tissues: application to ear regeneration.
Tissue Eng Part C Methods 2017;23:136-45.

. Lee JM, Sultan MT, Kim SH, Kumar V, Yeon YK, Lee O], et al. Artifi-

cial auricular cartilage using silk fibroin and polyvinyl alcohol hy-
drogel. Int ] Mol Sci 2017;18:1707.

Chen HY, Ng LS, Chang CS, Lu TC, Chen NH, Chen ZC. Pursuing
mirror image reconstruction in unilateral microtia: customizing au-
ricular framework by application of three-dimensional imaging and
three-dimensional printing. Plast Reconstr Surg 2017;139:1433-43.
Flores RL, Liss H, Raffaelli S, Humayun A, Khouri KS, Coelho PG,
et al. The technique for 3D printing patient-specific models for
auricular reconstruction. J Craniomaxillofac Surg 2017;45:937-43.
Park JY, Choi YJ, Shim JH, Park JH, Cho DW. Development of a 3D
cell printed structure as an alternative to autologs cartilage for au-
ricular reconstruction. ] Biomed Mater Res B Appl Biomater 2017;
105:1016-28.

Jung BK, Kim JY, Kim YS, Roh TS, Seo A, Park KH, et al. Ideal scaf-
fold design for total ear reconstruction using a three-dimensional
printing technique. ] Biomed Mater Res B Appl Biomater 2019;
107:1295-303.

Beahm EK, Walton RL. Auricular reconstruction for microtia: part
I. Anatomy, embryology, and clinical evaluation. Plast Reconstr
Surg 2002;109:2473-82; quiz following 2482.

Walton RL, Beahm EK. Auricular reconstruction for microtia: part
II. Surgical techniques. Plast Reconstr Surg 2002;110:234-49; quiz
250-1, 387.

Janis JE, Rohrich RJ, Gutowski KA. Otoplasty. Plast Reconstr Surg
2005;115:60e-72.

Wilkes GH, Wong J, Guilfoyle R. Microtia reconstruction. Plast Re-
constr Surg 2014;134:464e-79.

Baluch N, Nagata S, Park C, Wilkes GH, Reinisch J, Kasrai L, et al.
Auricular reconstruction for microtia: a review of available meth-
ods. Plast Surg (Oakv) 2014;22:39-43.

Williams JD, Romo T 3rd, Sclafani AP, Cho H. Porous high-density
polyethylene implants in auricular reconstruction. Arch Otolar-
yngol Head Neck Surg 1997;123:578-83.

Kim YS, Yun IS, Chung S. Salvage of ear framework exposure in
total auricular reconstruction. Ann Plast Surg 2017;78:178-83.

Wu M, Li ZH, Jiang H, Zhu XH, Yuan XB, Zhao YZ, et al. [Autoge-
nous costal cartilage with Medpor: a compound auricular frame-
work applied to one-stage total ear reconstruction]. Zhonghua
Zheng Xing Wai Ke Za Zhi 2004;20:121-3.

Park SH, Yun BG, Won JY, Yun WS, Shim JH, Lim MH, et al. New
application of three-dimensional printing biomaterial in nasal re-
construction. Laryngoscope 2017;127:1036-43.

https://doi.org/10.3349/ymj.2022.0547



