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1 | INTRODUCTION

The right ear of a 55-year-old man was replaced using a dig-
ital workflow. Osseointegrated implants in the right mastoid
were fitted with abutments and snap attachments (indexed
to a 3D-printed chrome-cobalt framework). The final sili-
cone prosthesis was fabricated using optical scanning and
a 3D-printed resin mold, achieving durable and esthetic
results.

The more widespread use of digitally driven additive man-
ufacturing (AM; 3D printing) as a basic alternative to sub-
tractive manufacturing (SM, ie, milling) has generated some
interesting recently published research in prosthetic medical
care overall. Its established and emerging applications in
combination with tissue engineering, living cell constructs,
and biomaterials for otorhinolaryngology,l’2 its advantages
and limitations for surgery,3 and its emerging mainstream sta-
tus in health care and medicine in general® have been recently
reviewed. Specifically, AM has been recently reviewed in re-
gard to implant dentistry by Katkar et al, who cite 3D printing
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of objects as a potential cost obstacle.’ Eley et al cite uniform
availability of 3D-printing technology within a given system
(ie, the United Kingdom's NHS), and the potential advantages
of establishing a centralized system to manage access and
costs.® Barazanchi et al (2017) reviewed the current status of
the use of AM in dentistry, citing the advantages of reduced
waste, flexibility of use with a wide array of build materials,
and energy efficiency, as compared to conventional SM, spe-
cifically suggesting suitability of AM for printing chrome-co-
balt and other difficult-to-handle materials.’

Recent systematic reviews (2016) by Tack et al® and
Martelli et al’ cite the need for more structured cost-benefit
analyses to gain a more practical perspective on cost manage-
ment in 3D printing.

In the current treatment scenario, the implementation
of digital protocols to plan and execute AM processes for
production of an auricular prosthesis via combined digi-
tal diagnostic, image capture/measurement, and production
workflows offered anatomic accuracy, streamlining of pro-
cess, expanded access, and time reductions for the provider
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team and our patient, compared with conventional analog
workflows.

While clinically accurate, reliance on analog technol-
ogies to fabricate auricular prostheseslo'12 to replace ears
lost due to accident, congenital absence or malformation,
or surgical removal secondary to oncology concerns, can
also be time-intensive and costly. The aim of this study was
to produce an auricular replacement prosthesis that directly
mirrored the patient's contralateral ear, using a completely
digital workflow, with final casting of the platinum-cured
silicone portion of the prosthesis using a three-dimensional
(3D)-printed mold. Widespread adoption of such workflows
could help reduce mainstream use of analog-dependent fab-
rication methods currently taught and used in clinical prac-
tice. Ultimately, this could accelerate completion of a final
prosthesis, reduce the overall costs for both patients and
surgical/prosthetic teams involved, and offer both groups
the benefits and convenience of remote access made possi-
ble by an optimally coordinated digital workflow compris-
ing scanning, data capture, and computer-aided design and
manufacture (CAD/CAM) that includes AM/3D printing.
For the current treatment scenario, the workflow needed
to be concise, easily duplicated, and safe for the patient,
enabling a precise outcome with low incidence of error. A
digitally enabled and practical approach offers expanded
treatment options, especially in remote areas with limited
access for patients to specialized prosthetic care.

1.1 | Case Report

A 55-year-old Caucasian man was missing his right ear due
to a work-related accidental injury approximately 6 months
prior to an initial dental consultation in the author's dental
practice. Several attempts to reattach the ear failed. After
evaluation for auricular replacement, he underwent 3D digi-
tal treatment planning using cone-beam computed tomog-
raphy (CBCT) imaging, followed by guided surgery using
implant-placement software and 3D-printed surgical guides
for the placement of four VistaFix implants into the mastoid
portion of his right temporal bone[REF Domingue et al sur-
gical paper submitted to Clinical Case Reports 2020], which
healed without complications.

After 4 months' healing time, exposure of these im-
plants was performed in the operating room, using sterile
technique, endotracheal intubation, and general anesthe-
sia. Local anesthesia (1% lidocaine with epinephrine) was
administered in the area of the planned incision. The in-
cision was made sharply, and the skin and subcutaneous
tissue were elevated anteriorly toward the external auditory
canal. The four previously placed implant cover screws
were exposed (Figure 1A). All screws and implant fix-
tures were examined, and the fixtures were found to have

FIGURE 1
Primary closure with healing abutments

A, Surgical reentry and exposure of implants. B,

osseointegrated well, without complication. Only three of
the four implants were required for fixation of the final
prosthesis; the posteriormost fixture and its cover screw
were retained and covered again as a potential "backup," if
needed in the future.

A single Vistafix healing abutment was placed over the
superiormost implant (Figure 1B). The other two implants
received Nobel BioCare healing abutments (all 5-mm length)
of the type used for dental implant healing (these were used
initially due to a component supply issue). Primary closure
was obtained with subcutaneous 3-0 polyglactin and superfi-
cial 5-0 plain gut for tension-free primary closure.

After 2 weeks of healing, the patient was seen for fol-
low-up. The two Nobel BioCare healing abutments were sub-
merged and surrounded by swollen soft tissue. Inflammation
was present, likely due to insufficient height of the healing
abutments. These were replaced by two Vistafix abutments
(both 7.5-mm length), each with a 14-mm diameter healing
cap, in order to prevent the tissues from swelling around the
implant healing abutment again. The surgical site was al-
lowed to heal for 8 weeks. In the interest of optimizing the
healing process, time, and resources, no interim prosthesis
was planned or constructed.



DOMINGUE ET AL.

A chrome-cobalt bar with integrated attachments was
selected as the best option for rigidity and retention of the
prosthesis with a strong, secure connection, as opposed to
ferromagnetic components that would require removal prior
to any MRI scanning. A chrome-cobalt substructure was se-
lected that could be laser-sintered using metal 3D printing,
and subsequently picked up in the silicone of the final ear
prosthesis. Ample prosthetic space was present between the
implants and replacement ear. The patient's motor skills were
deemed compatible with insertion and removal of such a snap
attachment prosthesis framework, further supporting the de-
cision to avoid magnetic attachments.

Ideal healing conditions were observed at 8 weeks post-
exposure (Figure 2); swelling resolution required 4 weeks.
The healing abutments were removed, and gold-hue titanium
plasma-sprayed Locator® overdenture attachments (Zest
Anchors, LLC) were screwed into the implants and torqued
to 35 Ncm. BIO | Locator-compatible Super Snap attach-
ment housings (BlueSkyBio) were placed over the Locator
attachments (Figure 3), and an optical scan (3Shape) was ob-
tained to document soft-tissue healing and capture surface
topography.

After removing the Super Snap attachment housings
shown in Figure 3 and placing overdenture attachments (Blue
Sky Bio) on the abutments on the patient, another digital
scan was obtained with the Locator attachments in place
(Figure 4A).

Next, Super Snap housings (Blue Sky Bio) were virtually
positioned onto the abutments using a free computer-aided
design (CAD) software (MeshMixer, Autodesk, Inc). These
housings had to be picked up directly with heat-processed

747

FIGURE 2 Vistafix 7.5-mm X 14-mm healing abutments 8 wk
postuncovering; optimal healing is evident
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FIGURE 3 Super Snap attachment housings positioned over
Locator attachments

indexing acrylic, which required at least 0.5 mm of space all
around each housing. To accomplish this, the shape of the
Super Snap housings was virtually extended in all directions
by 0.5 mm to provide the required space; then, a further | mm
of thickness was added virtually, to accommodate the mini-
mum thickness for the metal 3D printer to be used to print the
chrome-cobalt framework (SLM® 280 dual-laser 3D printer,
SLM Solutions Group AG).

A portion of the mesh was digitally transformed, then
virtually manipulated and pulled to the adjacent coping to
connect it (Figure 4B). This was again scanned and captured
using the 3Shape scanner (Figure 4B) for printing of the bar
framework. The STL file for the resulting bar was sent for
direct 3D-printing in chrome-cobalt metal. (Figure 5A).

Because green (medium retention) Super Snaps have been
shown to give 3 Ibs of retentive force over 250 000 inser-
tion-removal cycles without losing retentive force, placement
of these attachments within the framework was deemed the
optimal solution for continued long-term retention of the
prosthesis.

Teflon was placed over the Locator attachments to
prevent the framework from locking in during indexing
(Figure 5B). Each Super Snap attachment in the framework
was simultaneously picked up in acrylic to ensure passive
seating and accurately index the Super Snap attachments in
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(A)

FIGURE 5
framework for indexing to Locators, prior to pickup of Super Snap

A, Metal framework design. B, Fixation of metal

attachments placed in framework

the framework with the Locator attachments on the abut-
ments (as originally positioned on the patient, see Figures 3
and 4A,B.

One challenge in fabrication of this silicone auricular
prosthesis was that the virtual ear created by mirroring the
patient's opposite ear was too thin in many areas to fully

FIGURE 4 A, Locator attachments,
on abutments on patient, as scanned into
3Shape. B, Virtual design of metal bar over
Locators

encase the metal framework. To create adequate thickness of
the silicone, areas of insufficient thickness were virtually "in-
flated" until there was a minimum of 3 mm of space around
the bar in these areas. Once the shaping adjustments of the
ear were complete, its final form was created by performing
a virtual Boolean subtraction of the tissue surface within the
MeshMixer software (Figure 6A).

Direct 3D printing of custom-colored silicone to accu-
rately replicate the color variations of the human ear is not
yet available.

This final ear could have been 3D-printed as a burnout
pattern from its scanned STL file, and invested for conven-
tional casting. However, in keeping with our desire to main-
tain as complete a digital workflow as possible, we opted to
design the actual mold itself digitally for 3D printing. This
was accomplished by generating a virtual rectangular box
shape around the virtual ear and then performing a second
virtual Boolean subtraction of the ear from the box within the
MeshMixer software (Figure 6B). This left a negative void
inside the box in the shape of the ear that could be injected
with silicone. In order to facilitate removal of the silicone
ear, the virtual mold was cut into 3 parts. Addition of vir-
tual small box and sphere forms aided in the indexing of the
pieces of the mold into the proper position. The STLs for the
3-part mold were printed in resin and sent to the anaplastolo-
gist (AV) for casting and shade characterization.

3D printing of the mold can expedite the otherwise tradi-
tional mold-making process, which relies on the use of gyp-
sum products. Furthermore, having a mold fabricated allows
for exact duplicates to be fabricated and delivered when re-
placements are needed for the patient. This reduces overall
time for the patient's future continuity of care.

The patient met with the anaplastologist to custom match
and mix color samples to be used for the definitive prosthesis,
which was made from a platinum-cured silicone (2186Fast,
Factor II, Inc). Five different colors were mixed in natu-
ral lighting conditions to match variations in the patient's



DOMINGUE ET AL.

.. 41
Clinical Case Reports ern— W LEYJ_

FIGURE 6 A, Virtual construction
image of final ear for use in 3D printing of
resin injection mold for production of final
silicone prosthesis. B, Virtual pattern in
MeshMixer for STL file used to 3D-print
digital mold

FIGURE 7 A, Custom color matching of silicone to patient for
fabrication of prosthesis. B, Custom five-color-shaded silicone and
chrome-cobalt framework in 3D-printed resin mold

natural anatomic auricular and facial structures and skin tones
(Figure 7A). Reference photographs were taken for later use.

Two versions of the designed mold were printed. The
first version was printed in a high-heat material (High Temp
Resin, Formlabs, Inc). However, this version would not
close, even with pressure clamps. A second version of the
mold was printed in an engineering resin (GreyPro Resin,
Formlabs, Inc; this mold version closed upon applying pres-
sure. The metal bar was trial-fitted into the GreyPro Resin
3D-printed mold. Some areas in the bottom of the mold had
to be relieved to allow space for the metal to fit passively.
Approximately 2 mm of resin was ground out. The metal bar
was cleaned and primed for silicone bonding. It was placed
securely into the mold before painting intrinsic colors into
the mold (Figure 7B). The 5 colors of silicone were care-
fully placed into the desired locations of the Grey Pro Resin
mold. The mold was slowly clamped closed, allowing extra
silicone to extrude from the vent holes. The silicone-contain-
ing mold was slowly heated to the silicone's material safety
data-sheet specification of 180 degrees Fahrenheit. The mold
was opened, the silicone ear trimmed, and its flashing re-
moved (Figure 8).

On the day of delivery, the prosthesis was tried on and
trimmed again to provide a comfortable and esthetic result.
An audible snap could be heard on each attachment, indi-
cating a strong, nonmobile fit. The silicone ear was then ex-
trinsically tinted (Figure 9A shows the prosthesis in place
post-tinting) for a more exact color match to the contralat-
eral side (Figure 9B) using a condensation-cured silicone.
Figure 10 shows the patient's full profile with the finished
prosthesis in place with natural lighting conditions.

Of note, the 3D-printed mold did not provide appreciable
skin texture as compared to traditional molding techniques,
a challenge explored from various angles in several recent
studies.'*'® To compensate, the anaplastologist extrinsically
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applied layers of silicone in desired locations to simulate skin
texture. This provided a more natural appearance. The Super
Snap attachments were distorted during the heating process,
so they were replaced chairside with three new attachments.
The patient was then instructed on how to remove and attach

FIGURE 8 Final silicone prosthesis after finishing and shading
adjustments

the ear himself. The patient was pleased with the appearance
and fit of the final prosthesis.

2 | DISCUSSION

Recently published research describes the use of various dig-
ital workflows to create auricular prostheses.13’14’16'20 To the
authors' knowledge, none specifically describes the process
used in the current treatment scenario, in particular, the use of
a 3D-printed mold for injection of silicone for the final pros-
thesis (ie, a rapid-tooling [RT] approach), subsequent to 3D
CBCT-guided implant placement in the initial surgical phase.
[REF Domingue et al surgical paper, submitted to Clinical
Case Reports 2020].

Overall, accurate reproduction of fine skin texture
features on auricular and other craniofacial prostheses is
acknowledged as challenging, and is an area of active re-
search to refine digital workflows that use various AM/3D-
printing modalities to better reproduce such fine anatomic
detail.

One recent study by Unkovskiy et al compared various
additive manufacturing methods to directly 3D-print auric-
ular replicas based on in vivo scan data, and found forced
deposition modeling to most accurately reproduce skin sur-
face features.'* In contrast with our RT workflow (ie, a di-
rectly 3D-printed mold), that study used a rapid-prototyping
approach (ie, construction of a positive prototype prosthesis
that was in turn used to construct the mold indirectly). These
authors have also proposed a digital database containing nu-
merous anatomic representations of such textures, to further
simplify digital workflows.'?

FIGURE 9 A, Right-side patient
profile with auricular prosthesis in place.
B,Contralateral ear
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FIGURE 10 Prosthetic right ear in situ with patient's full profile

Use of optical scanning of the contralateral ear (such as the
detailed approach described by Ballo et al),' direct and indi-
rect molding16 have been reported as being clinically useful
in creating anatomically and esthetically precise ear replace-
ments, using digital workflows to varying degrees, with vary-
ing degrees of accuracy and consistency in regard to faithful
reproduction of anatomic features and esthetics.'*1*16

A specific comparison between conventional and digital
workflows was published by Unkovskiy et al.'® This case re-
port compared three approaches to fabricate three separate
prostheses: direct mold-making (DMM; similar to our ap-
proach), indirect mold-making (IMM), and the conventional
use of thermoplastic wax in a three-part stone mold. The
authors concluded that IMM provided the best overall result
(closest to that of conventional fabrication), and afforded the
greatest opportunity for adjustment and color matching. They
also emphasized the critical importance of involving a skilled
anaplastologist, whose services were integral to all three ap-
proaches studied. They cited unpredictability of result and
obviation of any try-in of the prosthesis as the main draw-
backs of the DMM approach, which we used in the current
treatment scenario.

Such DMM injection molding into a 3D-printed mold (ie,
rapid tooling) was chosen over AM/3D-printing of the ear
itself because of the desired biocompatible properties of the
silicone material that was finally chosen for the prosthesis.
The chosen material (2186F) has a durometer of Shore A29,
and its tear strength is 90 ppi, which provides a desirable
combination of softness and durability.

To the authors' knowledge, direct 3D printing of this type
of medical silicone is not being used clinically for auricu-
lar prostheses. Based on a 2018 case report by Unkovskiy
et al that evaluated direct 3D printing of an interim nasal
prosthesis,15 this technology has not yet achieved a standard
of clinical esthetic and skin-feature reliability to be practically
and consistently applicable to maxillofacial prosthetics, espe-
cially in regard to marginal adaptation and color matching."
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In vitro studies by Jindal et al (2016*' and 2018%%) have as-
sessed certain aspects of the necessary physical properties of
such a silicone prosthesis material, but did not address ear
prosthesis printing, color, or esthetics in specific detail. >

Importantly, the preoperative CBCT scans obtained in the
treatment-planning phase of our patient's auricular replace-
ment provided a 3D representation of his anatomic structures
prior to implant placement, and were essential in guiding the
surgeon (JRW) to avoid large mastoid air cells in a highly
pneumatized mastoid with few areas of cortical bone thick
enough for housing the implants.[REF Domingue et al sur-
gical paper, submitted to Clinical Case Reports 2020] This
foundational step in the digital workflow process yielded
diagnostic data preoperatively that proved critical to the im-
plant-placement process.

Although, in the authors' opinion, only two implants are
necessary to retain an ear prosthesis, three of the four placed
during surgery were used for this one in order to distrib-
ute insertion and removal forces more effectively. In par-
allel with this approach, the fourth implant was placed as
a backup, as placing redundant implants permits erring on
the side of caution and making optimal use of a single (ide-
ally, the only) surgical procedure. In the event of implant
failure, uncovering one of the redundant implants is far less
challenging than having to place an additional one de novo,
especially in view of the challenging osseous anatomy in
this patient.

Continuing the digital workflow through optical scan-
ning, mirror imaging of the contralateral ear, and 3D printing
of the metal framework as well as the mold used to fabri-
cate the final silicone prosthesis, and subsequent color and
skin-texture adjustments postproduction proved to be a sim-
ple straightforward process that produced an anatomically
and esthetically precise and cost-effective replacement ear.

Importantly, despite our desire to adhere as closely as
possible to a digital workflow, this treatment scenario ex-
emplifies the still-critical need for the artistic skills of the
experienced anaplastologist in achieving as esthetically un-
detectable a prosthesis as possible.

The digital workflow process used to produce this auric-
ular prosthesis proved to be straightforward, accurate, easy
to use, and faster compared with conventional analog fabri-
cation, which is typically more technique-sensitive and can
be confounded by variables such as (a) impression pressure
on the tissues; (b) shrinkage of material; (c) stone expansion;
and (d) limitations of a two-dimensional view throughout
the process, which may not account accurately for implant
positions.

Including the surgical implant-placement phase, the entire
time required to provide our patient with a finished prosthesis
was between 5 and 6 months.

Continued research into the refinement, standardiza-
tion, and centralization of digital workflows for 3D print
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fabrication of craniofacial prosthetics, and the use of central-
ized digital anatomic databases'” is warranted.

Such an interdisciplinary case does require the coor-
dination of multiple resources, materials, equipment, and
skill sets, as well as collaboration among several healthcare
disciplines, all of which carry potentially significant costs.
However, standardizing such workflows to be as digitally
driven and collaborative as possible could ultimately enable
the coordination of such resources into a progressively re-
producible, streamlined, and, overall, more cost-effective
care model as the technology continues to evolve. Most of
the steps in the workflow described in this case report are
at least partially reimbursable under Medicare, state-based
Medicaid programs, and some private insurance carriers. We
believe the virtual planning protocols used for this case are in
their infancy, as reflected by the ongoing and recently pub-
lished research cited above. The workflow processes reported
in this article can be improved upon by other clinicians and
researchers who continue to help patients achieve optimal
craniofacial prosthetics solutions.
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