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Abstract

Through patient-specific design and precise anatomical fabrication, 3D printing is reshaping otology from experience-based surgery toward dig-
ital precision medicine. This review summarizes recent advances in the application of 3D printing in otology, focusing on technical platforms,
morphological reconstruction, and functional restoration. At the technical level, stereolithography, selective laser melting, fused deposition mod-
eling, and 3D bioprinting are suited to preoperative simulation, titanium-alloy implant fabrication, educational models, and tissue-engineered scaf-
folds, respectively. For morphological reconstruction, 3D printing enables precise replication of structures ranging from auricular frameworks and
middle-ear ossicular chains to temporal-bone anatomical models. For functional restoration, patient-specific ossicular prostheses can optimize
sound conduction, surgical guides can assist cochlear implantation and help preserve residual hearing, sustained-release devices may help over-
come barriers to inner-ear drug delivery, and tissue-engineered scaffolds have opened new possibilities for inner-ear neural repair and regenera-
tion. Although challenges related to material compatibility, regulatory approval, and cost-effectiveness remain, advances in multi-material printing
and 4D printing may further expand the clinical potential of 3D printing in personalized otologic reconstruction that integrates anatomical form

with functional recovery.
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Introduction

Because of the anatomical complexity of the ear, the precision
required for auditory and vestibular function, and substantial
interindividual anatomical variation, otology remains one of
the most technically demanding subspecialties within otolar-
yngology and head and neck surgery. Conditions ranging from
congenital microtia and ossicular chain disruption caused by
chronic otitis media to otosclerosis and sensorineural hear-
ing loss requiring cochlear implantation all impose stringent
requirements on therapeutic strategies [1]. Although conven-
tional treatments are widely used in clinical practice, they still
face substantial limitations in anatomical matching, functional
restoration, operative precision, and long-term stability. There-
fore, achieving accurate morphological reconstruction while
maximizing auditory functional recovery has become a central
challenge in contemporary otology [2].

The emergence of 3D printing offers a promising solution to
this challenge. By enabling patient-specific design, precise
replication of complex structures, and rapid prototyping, this

technology is well suited to the highly variable anatomy of the
ear. Since Kaneko [3] first applied three-dimensional shape
measurement to microtia reconstruction in 1993, 3D printing in
otology has evolved from the production of anatomical mod-
els to the design and fabrication of personalized implants, and
further toward tissue engineering and regenerative medicine.
Its applications now extend from external auricular reconstruc-
tion and middle-ear ossicular chain repair to the protection and
restoration of inner-ear neural function, as well as temporal
bone models for surgical training [4-5]. In this context, 3D print-
ing is gradually reshaping otologic diagnosis and treatment by
linking anatomical reconstruction with functional recovery.

This review summarizes recent progress in the application of
3D printing technology in precision otology. First, it outlines the
technical foundations of 3D printing and the main application
strategies in otologic practice. It then discusses the current
research status and clinical value of 3D printing in outer-ear re-
construction, middle-ear ossicular chain repair, inner-ear func-
tional restoration, and temporal bone surgical training. Finally,
it summarizes the major challenges and future directions of
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this field, including material biocompatibility, regulatory path-
ways, cost-effectiveness, multi-material printing, 4D printing,
and tissue-engineered reconstruction. By integrating current
evidence, this review aims to provide clinicians and research-
ers with a structured understanding of 3D printing in otology
and to support its further translational development.

Technical Workflow and Application Strategies
of 3D Printing in Otology

The clinical application of 3D printing in otology relies on a
complete digital-to-physical workflow that transforms pa-
tient-specific imaging data into anatomical models [6], surgical
guides, implants, or tissue-engineered constructs. Because
otologic structures are small, complex, and highly variable
among individuals, successful application requires not only
accurate image reconstruction but also careful matching
between printing technology, material properties, clinical pur-
pose, and cost-effectiveness [1]. This section therefore sum-
marizes the technical workflow of 3D printing in otology and
further discusses demand-oriented application strategies for
preoperative planning, surgical guidance, personalized implan-
tation, and regenerative reconstruction.

Digital Workflow: from Medical Imaging to Printable models
The clinical application of 3D printing begins with the conver-
sion of patient-specific anatomical information into a printable
digital model. In medical practice, anatomical data are com-
monly obtained from computed tomography (CT), magnetic
resonance imaging (MRI), or, in selected scenarios, ultrasound
imaging. These imaging datasets are usually stored in the Dig-
ital Imaging and Communications in Medicine (DICOM) format
[7], which provides the basis for subsequent three-dimensional
reconstruction.

After image acquisition, the target anatomical structures are
segmented and reconstructed using computer-aided design
(CAD) or medical image processing software. The recon-
structed model is then exported into a printer-compatible file
format, most commonly the Standard Tessellation Language

(STL) format [8]. STL files describe the surface geometry of
a three-dimensional object using triangular meshes, allowing
the digital model to be sliced into multiple layers for additive
manufacturing [9]. Through this workflow, patient-specific an-
atomical structures can be transformed from two-dimensional
imaging data into physical models, surgical guides, implants,
or tissue-engineered scaffolds.

In otology, this digital workflow is particularly valuable because
the ear contains small, complex, and highly individualized ana-
tomical structures. High-resolution imaging and accurate seg-
mentation allow the reconstruction of delicate structures such
as the ossicular chain, facial nerve canal, cochlea, external au-
ricle, and temporal bone [10]. These models can support pre-
operative planning, surgical simulation, anatomical teaching,
doctor-patient communication, and the design of personalized
therapeutic devices.

Demand-Oriented Selection of 3D Printing Technologies in
Otology

The key to applying 3D printing in otology is not the use of a
single printing method, but the selection of an appropriate
technology according to clinical purpose. Different otologic
applications require different levels of precision, material per-
formance, sterilizability, fabrication time, and cost. Here are
several common 3D printing methods: Stereolithography (SLA)
and digital light processing (DLP) offer high precision and
smooth surface finish, making them suitable for preoperative
models and surgical guides, although their material selection
remains limited. Selective laser melting (SLM) enables the
fabrication of high-strength metal implants such as custom
ossicular prostheses, but is associated with high cost and the
need for post-processing. Fused deposition modeling (FDM) is
low-cost and easy to operate, yet its lower precision and weak
interlayer bonding restrict its use to educational models and
biodegradable scaffolds. Three-dimensional bioprinting incor-
porates cells and growth factors for tissue-engineered auricu-
lar constructs and inner ear repair, but currently lacks mechan-
ical strength and remains at an experimental stage (Table 1).
Therefore, strategies for applying 3D printing in otology can be
categorized based on their roles in morphological reconstruc-

Table 1. Comparison of common 3D printing technologies in terms of materials, resolution, advantages, limitations, and representative otologi-

cal applications.

Representative Otological

Technology Typical Materials Resolution Advantages Limitations Applications
SLA Photopolymer resins  ~25-100 pm High precision, smooth Limited m_aterlal range, Preoperatlve n_10de|s,
surface post-curing required surgical guides
. High mechamcal High cost, surface Custom ossicular
Titanium alloys, strength, suitable for . .
SLM ~50-200 pm post-processing prostheses, auricular
Co—Cr alloys permanent .
. ) required frameworks
implantation
FDM PLA, PCL, and other  ~100-300 Low cost, simple Lower precision, weak- Educational models,
thermoplastics pm operation er interlayer bonding  biodegradable scaffolds
DLP Photopolymer resins  ~50~100 pm Fast. prlntlng gpeed, Limited materlal High-resolution anatomical
high precision selection models
Can incorporate cells Low mechanical Tissue-engineered auricles
3D Bioprinting  Hydrogels, bioinks ~ ~20-200 pm strength, still at experi- ’

and growth factors

inner ear repair
mental stage P
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tion and functional restoration: Preoperative and educational
models, as well as customized surgical guides, play a crucial
role in guiding morphological reconstruction. Functional resto-
ration includes tympanic membrane repair and targeted drug
delivery, while customized implants and tissue engineering
scaffolds not only enable precise morphological reconstruc-
tion but also better assist patients in restoring ear-related
functions [11].

Preoperative Planning and Educational Models

Preoperative planning models and educational models repre-
sent the earliest and most mature applications of 3D printing
in otology. Their main purpose is to reproduce complex ana-
tomical structures and spatial relationships, helping surgeons
understand individual anatomical variations, anticipate sur-
gical risks, and rehearse difficult procedures before surgery.
Typical applications include temporal bone models for lateral
skull base surgery [12], facial nerve decompression, congenital
auricular deformity assessment [13], and resident training in
otologic anatomy [14].

For these models, morphological accuracy and cost-effec-
tiveness are more important than implantability or long-term
biocompatibility. Stereolithography (SLA) and fused deposition
modeling (FDM) are the most commonly used techniques.
SLA provides higher printing resolution and can reproduce
fine structures such as the ossicles and facial nerve canal.
Resin-based SLA models also offer relatively realistic tactile
feedback during drilling and are therefore useful for surgical
rehearsal and detailed anatomical teaching [15]. In contrast,
FDM is less expensive and more suitable for large-scale pro-
duction of teaching models, basic anatomical education, and
use in primary-care or resource-limited settings [16].

Patient-specific Surgical Guides

Surgical guides are designed to translate preoperative planning
into intraoperative precision. Their core value lies in converting
virtual information, including the planned entry point, direction,
angle, and depth, into a physical guide that can assist sur-
geons during key procedural steps. In otology, such guides are
mainly used in cochlear implantation, ossicular chain recon-
struction, and complex temporal bone procedures [17].
Compared with ordinary anatomical models, surgical guides
require higher dimensional accuracy, reliable sterilizability,
close conformity to bone surfaces, and convenient intraopera-
tive handling. SLA is currently one of the preferred techniques
for fabricating surgical guides because of its high resolution
and ability to generate smooth, patient-specific structures. By
improving procedural accuracy and reducing intraoperative
uncertainty, surgical guides may contribute to safer and more
standardized otologic surgery.

Tympanic Membrane Repair and Targeted Drug Delivery to the
Inner Ear

Tympanic membrane perforation is a common cause of
conductive hearing loss; traditional surgical repair methods
suffer from issues such as tissue harvesting trauma and
poor structural compatibility. 3D printing technology offers a
high-precision, personalized solution for tympanic membrane
regeneration [18]. Using high-resolution 3D printing processes,
scaffolds with a multi-layered biomimetic structure resembling
that of the natural tympanic membrane can be fabricated [19].
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In terms of material selection, current research tends to favor
photo-crosslinkable natural polymers and composite hydro-
gels, which possess excellent biocompatibility and promote
cell migration, proliferation, and tissue remodeling.
Pharmacological treatment of inner ear diseases has long
been limited by the blood-labyrinth barrier and the deep ana-
tomical location of the cochlea [20]. 3D printing technology of-
fers a new approach to addressing this challenge, centered on
the fabrication of micro-drug delivery implants that precisely
conform to the round window membrane or the round window
niche. Utilizing patient-specific image reconstruction, these im-
plants can be custom-shaped to match anatomical structures,
ensuring that the drug delivery device remains stably posi-
tioned at the target site. Furthermore, localized micro-delivery
significantly improves drug bioavailability in the inner ear while
avoiding systemic side effects, providing a novel technological
platform for the precise treatment of inner ear disorders such
as sensorineural hearing loss.

Customized Gmplants for Structural and Functional Recon-
struction

Customized implants represent one of the most clinically valu-
able but technically demanding applications of 3D printing in
otology. Their purpose is to overcome the mismatch between
standardized implants and individual anatomical variations,
thereby achieving personalized structural reconstruction and
functional restoration. Major applications include ossicular
chain reconstruction and auricular reconstruction.

For permanent implants, the key requirements include biocom-
patibility, mechanical stability, anatomical fit, sterilizability, and
long-term safety. Selective laser melting (SLM), especially for
titanium alloy fabrication, is currently one of the most import-
ant approaches for producing customized metallic implants.
Titanium alloys have favorable biocompatibility and mechani-
cal strength, making them suitable for long-term implantation
[21]. In addition, 3D printing allows the fabrication of porous,
hollow, or thin-walled structures, which may help reduce im-
plant rigidity, improve tissue integration, and better mimic the
mechanical properties of native ear structures.

Tissue-Engineered Scaffolds and 3D Bioprinting
Tissue-engineered scaffolds represent the frontier of 3D print-
ing in otology. Unlike anatomical models or inert implants,
these scaffolds aim to support biological regeneration through
the integrated design of biomaterials, cells, and bioactive
factors [22]. Potential applications include auricular cartilage
engineering, inner-ear neural repair, and local drug delivery sys-
tems.

An ideal tissue-engineered scaffold should provide cell com-
patibility, controlled degradation, mechanical support, appro-
priate porosity, and the ability to release bioactive molecules
in a controlled manner [19]. 3D bioprinting offers unique
advantages in this context because it can spatially organize
cells and biomaterials with high precision [22]. Compared with
traditional cell seeding methods, bioprinting may improve cell
distribution and reduce the risk of insufficient nutrient diffu-
sion within the scaffold. Although most applications remain
at the experimental or preclinical stage, tissue-engineered
scaffolds and 3D bioprinting provide an important direction
for future functional reconstruction in otology. For instance,
3D-printed nanoPGA/PCL composite scaffolds have been
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utilized to demonstrate that optimizing scaffold surface prop-
erties through ethanol pretreatment can significantly enhance
human auricular chondrocyte adhesion and promote the in
vivo regeneration of mature, glossy cartilage [23] (Figure 1.).
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Figure 1. Design of 3D nanoPGA/PCL scaffolds seeded with human
auricular chondrocytes + ethanol treatment. Histological analysis of
regenerated cartilage on ethanol-treated scaffolds after 10 and 20
weeks of implantation [23]. Copyright 2021 PLoS One.

Clinical Applications of 3D Printing in Otology:
From Morphological Reconstruction to Func-
tional Restoration

The clinical value of 3D printing in otology lies in its ability to
translate patient-specific anatomical information into tangible
tools for reconstruction, simulation, implantation, and regen-
erative repair. Because the external ear, middle ear, inner ear,
and temporal bone differ substantially in anatomical scale,
functional requirements, and clinical accessibility, 3D printing
strategies must be tailored to distinct therapeutic goals. In the
external ear, the primary objective is to restore auricular shape
and psychosocial function. In the middle ear, the key challenge
is to reconstruct the ossicular chain while preserving efficient
sound conduction. In the inner ear, 3D printing is increasingly
used to assist cochlear implantation, improve local drug deliv-
ery, and support neural repair strategies [24]. In temporal bone
surgery, printed models provide a practical platform for preop-
erative rehearsal and surgical education. Together, these ap-
plications indicate that 3D printing in otology is evolving from
morphological replication toward function-oriented precision
medicine [14].
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External Ear Reconstruction: From Mirror-lmage Templates to
Tissue-Engineered Auricles

The external ear is important for both sound collection and fa-
cial appearance. Auricular defects, most commonly caused by
congenital microtia [25], trauma, burns, or tumor resection, can
impair hearing-related function and psychosocial well-being.
Because the auricle has a delicate three-dimensional contour
and an elastic cartilage framework, auricular reconstruction
remains technically demanding [26].

Autologous rib cartilage grafting remains a standard method
for auricular reconstruction because of its good biocompatibil-
ity and low immunogenicity [27]. However, it requires cartilage
harvesting and precise manual sculpting, which may lead to
donor-site morbidity, cartilage exposure, infection, hematoma,
and variable aesthetic outcomes [20, 26]. Porous polyethylene
implants, such as Medpor, provide an alternative alloplastic
option, but they are associated with risks such as infection,
fracture, implant exposure, and limited adaptability in growing
pediatric patients [27-28]. These limitations have driven the
development of more individualized and less invasive recon-
struction strategies.

3D printing has improved auricular reconstruction mainly by
providing patient-specific templates and customized scaf-
folds. In unilateral microtia, imaging data from the healthy ear
can be mirrored to generate a three-dimensional model of the
affected side, offering surgeons a precise reference for frame-
work sculpting, auricular positioning, and bilateral symmetry
[29-30]. Compared with traditional two-dimensional templates,
3D-printed models can reduce intraoperative adjustment and
improve anatomical accuracy [33]. More recently, directly print-
ed auricular scaffolds and prostheses have been explored to
reduce dependence on manual carving and improve structural
consistency. However, their clinical use still requires careful
evaluation of biocompatibility, mechanical elasticity, infection
risk, skin coverage, and long-term stability.

Beyond inert scaffolds, 3D bioprinting and tissue engineering
aim to generate living cartilage-like auricular constructs. In this
strategy, chondrocytes or chondrogenic cells are combined
with printable biomaterials to form bioinks, which are then
printed into auricular-shaped structures and cultured to pro-
mote cartilage matrix deposition. Ideal bioinks should provide
biocompatibility, tunable degradation, cell adhesion, nutrient
diffusion, and cartilage-like mechanical strength [34]. Hydro-
gels, including collagen-, gelatin-, alginate-, and hyaluronic-ac-
id-based systems, are attractive because of their extracellular
matrix-like properties and high permeability to nutrients and
soluble factors [35]. Although promising, tissue-engineered
auricles remain largely experimental, and further work is
needed to ensure durable shape retention, cell viability, vas-
cularized soft-tissue coverage, and regulatory feasibility. To
address these mechanical and functional limitations, recent
breakthroughs have utilized stress-relaxing HATG-Alg bioinks
combined with growth factor-controlled chondrogenesis to
engineer functional elastic cartilage. These 3D-bioprinted con-
structs achieve near-native mechanical properties, such as a
compressive modulus of 1.1 + 0.03 MPa, and maintain struc-
tural integrity during in vivo evaluation [36] (Figure 2.).

Middle Ear Reconstruction: Personalized Ossicular Prosthe-
ses and Acoustic Optimization
The middle ear transmits airborne sound to the cochlear fluid
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(A) Comparison of fibro- and elastic cartilage. (B) Bioink design fea-
turing HATG and alginate crosslinking. (C-E) Strategies for promoting
chondrogenic redifferentiation and tissue maturation via growth fac-
tors and LOX/Cu-mediated crosslinking. (F) Comprehensive workflow
from primary cell isolation and bioprinting to in vivo subcutaneous rat
model evaluation [36]. Copyright 2024 P. Fisch et al.
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through the tympanic membrane and ossicular chain. Damage
to the malleus, incus, or stapes caused by chronic otitis media,
cholesteatoma, trauma, congenital anomalies, or surgery can
disrupt sound conduction and result in conductive hearing
loss. Ossicular chain reconstruction is therefore a key surgical
strategy for restoring middle-ear function. However, conven-
tional ossicular prostheses are usually produced in limited
standard sizes and often require intraoperative trimming or
adjustment. This may cause suboptimal prosthesis length,
angular mismatch, poor fixation, displacement, extrusion, or
unsatisfactory hearing outcomes [37]. Because the middle ear
is a small and highly sensitive mechanical system, even minor
deviations in prosthesis geometry or contact angle may affect
acoustic transmission.

3D printing provides a strategy for patient-specific ossicular
reconstruction. High-resolution computed tomography can be
used to reconstruct the tympanic membrane, ossicular rem-
nants, middle-ear cavity, ligaments, and surrounding structures
[38]. Based on these data, customized ossicular prostheses
can be designed to better fit the available anatomical space
and intended reconstruction pathway. More importantly, finite
element analysis can be integrated into this workflow to sim-
ulate displacement, stress, strain, and frequency response
under sound stimulation [39]. This allows different prosthesis
materials, shapes, lengths, and contact configurations to be
evaluated before fabrication. In this sense, 3D printing is not
only a manufacturing method but also part of an engineer-
ing-assisted platform for anatomical matching and acoustic
optimization.

The design, 3D printing, coating, and application of GelMA
patches are also currently trending technologies. Material se-
lection remains central to the success of 3D-printed ossicular
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prostheses. Titanium alloys are widely used in ossiculoplas-
ty because of their favorable biocompatibility, mechanical
strength, low weight, and acoustic performance. Recent
evidence suggests that titanium total ossicular replacement
prostheses may achieve better postoperative air-bone gap
improvement than autologous materials in total ossicular
chain reconstruction [40]. 3D printing may further improve ti-
tanium-based prostheses by enabling individualized geometry,
lightweight structures, and more stable coupling with residual
middle-ear components. Nevertheless, 3D-printed ossicular
prostheses have not yet become routine in clinical practice.
Key barriers include high-resolution segmentation, manufac-
turing standardization, sterilization validation, cost control, and
long-term clinical outcome evaluation. Future studies should
integrate anatomical fit, acoustic simulation, and postoper-
ative hearing outcomes to clarify which patient groups may
benefit most from personalized 3D-printed ossicular recon-
struction. Beyond ossicular chain repair, 3D printing is signifi-
cantly advancing the treatment of tympanic membrane (TM)
perforations. For instance, biofunctional GeIMA-based patches
featuring microneedles for enhanced adhesion have been
fabricated using Digital Light Processing (DLP) technology.
These patches can be further functionalized with antimicrobial
nanoparticles via electrohydrodynamic atomization (EHDA) to
prevent infection while promoting tissue regeneration, offering
a highly personalized and effective approach for TM repair [41]
(Figure 3).
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Figure 3. Fabrication and application of 3D-printed GelMA patches for
tympanic membrane repair [41]. Copyright 2025 T.Bedir, D. Uzun

Inner Ear Applications: Cochlear Implantation Assistance and
Local Drug Delivery
The inner ear is anatomically confined, functionally delicate,
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and difficult to repair once damaged [20]. Sensorineural hear-
ing loss remains challenging to treat because hair cells and
spiral ganglion neurons have limited regenerative capacity.
Hearing aids are useful for mild to moderate hearing loss,
whereas cochlear implants remain the most effective interven-
tion for severe to profound sensorineural hearing loss by elec-
trically stimulating residual spiral ganglion neurons [42]. How-
ever, cochlear implantation requires highly precise electrode
placement, and preservation of residual hearing has become
increasingly important as implantation indications expand. In-
dividual variations in cochlear size, curvature, duct length, and
internal anatomy may influence electrode selection, insertion
depth, scalar position, and the risk of intracochlear trauma.

3D printing can support cochlear implantation by converting
patient-specific imaging data into physical cochlear models
for preoperative planning, electrode insertion training, and
device evaluation [18]. Compared with conventional two-di-
mensional imaging, 3D-printed models provide a more intuitive
understanding of cochlear geometry and electrode trajectory.
Recent smart cochlear models with real-time feedback can
further simulate electrode insertion and detect technical er-
rors, such as excessive force, retraction, or bending [43]. One
study reported that training with a smart 3D-printed cochlear
model improved novice surgeons’ electrode insertion depth
by 11.8% and reduced retraction and bending errors by 60.3%
and 54.9%, respectively [43]. These findings suggest that 3D
printing may contribute not only to anatomical visualization
but also to procedural standardization and skills assessment
in cochlear implantation.

Another promising application is inner-ear drug delivery. Sys-
temic administration is limited by the blood-labyrinth barrier,
whereas intratympanic injection still depends on passive
diffusion across the round window membrane, making local
drug concentration and exposure duration difficult to control
[44]. 3D-printed microneedle-based delivery systems may
provide a more precise and minimally invasive solution. Using
high-resolution methods such as two-photon polymerization,
micron-scale trans-tympanic or round-window devices can be
fabricated to create controlled pathways for drug entry. Veit
et al. developed several 3D-printed trans-tympanic delivery
devices with adjustable release durations ranging from days to
months [45]. These platforms may improve the delivery of oto-
therapeutics, including macromolecular drugs, gene therapy
vectors, and neurotrophic factors. Nevertheless, inner-ear ap-
plications require strict safety evaluation because any device
interacting with the round window membrane or cochlea must
minimize trauma, inflammation, fibrosis, infection, and long-
term hearing damage [46]. Future studies should therefore
focus on biocompatibility, reversibility, delivery accuracy, and
functional auditory outcomes.

Temporal Bone Models: Surgical Planning and Simula-
tion-Based Education

Temporal bone surgery requires precise three-dimensional
anatomical understanding and refined operative skills within a
narrow surgical field [47]. The facial nerve, ossicles, labyrinth,
sigmoid sinus, jugular bulb, carotid canal, and dura, are dense-
ly packed within a limited bony space. Traditional training has
long relied on cadaveric temporal bone dissection, which re-
mains valuable but is constrained by specimen scarcity, ethical
considerations, high cost, storage requirements, non-reusabili-
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ty, and potential biosafety risks [49-50]. These limitations have
created a strong demand for alternative platforms for preoper-
ative planning and surgical education.

3D-printed temporal bone models have emerged as practi-
cal tools to address this need. By converting high-resolution
CT data into physical models, 3D printing can reproduce
patient-specific temporal bone anatomy, including complex
pathological variations. In clinical practice, such models help
surgeons visualize spatial relationships beyond conventional
two-dimensional imaging and rehearse key steps before sur-
gery [12], particularly in complex cases such as lateral skull
base lesions, facial nerve decompression, congenital malfor-
mations, or revision procedures. In education, 3D-printed tem-
poral bones provide a safe, reproducible, and cost-effective
supplement to cadaveric specimens. They can be produced
in large numbers, tailored to different levels of difficulty, and
repeatedly used for structured training. Several studies have
shown that these models provide acceptable anatomical fideli-
ty and realistic depth perception, while the SAPIENS model has
further demonstrated value in otologic simulation and resident
training [15, 51].

The utility of these models is further enhanced by advances in
imaging, such as ultra-high-resolution CT and photon-counting
computed tomography, which provide more detailed datasets
for model reconstruction [52-53]. Nevertheless, 3D-printed
temporal bone models cannot fully replace cadaveric dissec-
tion. Current limitations include incomplete simulation of soft
tissue, variable drilling feedback, limited bleeding simulation,
and differences in tactile realism compared with human bone.
Therefore, their most appropriate role is as part of a comple-
mentary training system: 3D-printed models for early anatom-
ical learning, repeated procedural rehearsal, and patient-spe-
cific preoperative planning, and cadaveric bones for advanced
tissue handling and higher-fidelity surgical experience [53].
Such an integrated strategy may improve the accessibility,
standardization, and effectiveness of otologic surgical train-

ing.

Conclusion

3D printing technology is profoundly transforming traditional
models of otological diagnosis and treatment, and its unique
value in precise restoration and functional reconstruction has
been widely recognized. Based on the systematic review pre-
sented in this paper, research progress and future directions in
this field can be summarized as follows:

At the technological foundation level, advances in imaging
technology have provided high-precision data sources for 3D
printing, and the application of HRCT has enabled the clear
visualization of micrometer-scale ossicular chain structures;
Various printing technologies each have their specific appli-
cations: SLA excels at high-precision preoperative models;
SLM is the preferred process for titanium alloy implants; FDM,
with its cost advantage, serves educational purposes and the
preparation of biodegradable scaffolds; and 3D bioprinting
offers entirely new possibilities for tissue-engineered auricles;
material selection strategies are becoming increasingly so-
phisticated.

In terms of morphological reconstruction, 3D printing technol-
ogy has achieved comprehensive coverage from the outer ear



to the middle ear. In the field of outer ear reconstruction, ad-
vancements range from Kelly's 3D template model in 1993 to
today’s personalized titanium alloy scaffolds; in middle ear re-
construction, personalized ossicular prostheses have resolved
the core issue of size mismatch in traditional prostheses
through precise anatomical alignment; and temporal bone ana-
tomical models have opened new avenues for resident training
and preoperative simulation of complex cases, effectively ad-
dressing the shortage of cadaveric specimens.

However, the clinical translation of 3D printing technology in
otology still faces multiple challenges. In terms of materials
science, existing materials struggle to simultaneously meet
the dual requirements of mechanical support and biocompat-
ibility; regarding regulatory frameworks, the approval pathway
for personalized implants remains unclear, and quality con-
trol standards have yet to be established; in terms of clinical
adoption, printing costs and time efficiency remain significant
barriers to widespread application. Resolving these issues
requires the deep integration of materials science, biomedical
engineering, clinical medicine, and regulatory science.

Looking ahead, with the development of cutting-edge technol-
ogies such as 4D printing, multi-material printing, and organ-
on-a-chip, 3D printing in otology will continue to evolve toward
intelligence, functionality, and personalization. The application
of shape-memory materials holds promise for the develop-
ment of smart implants that automatically unfold after min-
imally invasive implantation; multi-material gradient printing
can construct functional scaffolds with gradually varying me-
chanical properties and bioactivity; and the combination of or-
ganoid technology with 3D printing may offer entirely new ther-
apeutic strategies for intractable diseases such as inner ear
hair cell regeneration. From the first 3D-printed ear template in
1993 to today'’s bioprinted auricles [3], over three decades of
development have witnessed this technology’s transformation
from a “supporting tool” to a “therapeutic modality.” We have
every reason to believe that, with the deepening advancement
of interdisciplinary collaboration, 3D printing technology will
inevitably propel otological diagnosis and treatment into a new
era of personalized precision medicine that unifies form and
function.
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