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e PURPOSE: A proof-of-concept workflow study for the
fabrication of custom orbital exenteration prostheses via
automated noncontact scanning, 3D printing, and sili-
cone casting.

e DESIGN: Noncomparative, interventional case series.
e METHODS: SETTING: Single-center institutional study.
StupY PoPULATION: Three patients who have discontin-
ued wearing of the ocularist-made exenteration prosthesis
due to altered fit, discoloration, or material degradation.
INTERVENTION PROCEDURE: A digital representation of
the exenteration socket and contralateral periocular re-
gion was captured through noncontact facial topography
mapping. Digital construction of the anterior prosthesis
surface was based on the mirrored image of the contralat-
eral side, and the posterior surface contour was based on
orbital cavity geometry. The anterior and posterior sur-
face details were digitally merged. A 2-piece mold was
designed and produced in a 3D printer. Colorimetry was
used to create a custom blend of pigments for incorpora-
tion into the Shore 40 silicone elastomer to generate a
prosthesis that approximates the patient’s skin tone.
MAIN OuTtcoME MEASURES: Prosthesis symmetry, skin
tone match, comfort of wear, and appearance.

e RESULTS: The first copy of every 3D-printed orbital
prosthesis using this fabrication workflow produced
good symmetry, color match, and prosthesis fit. In one
case, the recontoured second copy with improved pros-
thesis edge-to-skin interface was made without the pa-
tient present.

e CONCLUSION: A noncontact 3D scanning, computer-
aided design, 3D printing, and silicone casting for fabrica-
tion of orbital prosthesis was developed and validated.
This production workflow has the potential to provide
an efficient, standardized, reproducible exenteration pros-
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thesis and to overcome the principal barriers to an afford-
able custom prosthesis worldwide: access and
cost. (Am ] Ophthalmol 2020;220:27-36. © 2020
Elsevier Inc. All rights reserved.)

RBITAL EXENTERATION IS A RADICAL SURGICAL

procedure in which the eyelids, eye, and orbital

contents including extraocular muscles, optic
nerve, fat, and lacrimal gland are removed en bloc. This
procedure is commonly performed for the treatment of ma-
lignant periocular tumors invading into the orbit, intraoc-
ular tumors with extraocular extension, or primary and
secondary orbital malignancies." The surgical aim is to
achieve tumor-free margins. It is also performed in painful
or life-threatening orbital infections or inflammations.”
The postsurgical outcome is a bare orbital cavity.

Loss or absence of an eye and orbital contents is both
physically and psychologically traumatizing and can
severely affect human interactions.” The psychological
and cosmetic rehabilitation begins shortly after socket
healing with the fitting of an orbital exenteration pros-
thesis to approximate the form of the contralateral unaf-
fected side. The fabrication of an exenteration prosthesis
is an arduous and time-intensive process. It generally takes
a certified ocularist or anaplastologist (prosthetist), who is
skilled in the art, 1-2 weeks to complete the fabrication us-
ing traditional contact impression, mold-making, hand
sculpting, and a variety of other technical production
steps.” The completed static orbital prosthesis is made of
a silicone elastomer consisting of fixed eyelids, an ocular
prosthesis insert, and artificial eyelashes. The resulting
symmetry, likeness, and color matching are heavily depen-
dent on the experience and skill of the prosthetist. The
composite unit is affixed to the entrance of the empty
orbital socket with glue or double-sided tape. An ideal
exenteration prosthesis should possess neutral expressive-
ness and closely match the nuanced skin characteristics
and periocular structures of the unaffected side. A well-
made orbital prosthetic device can dramatically improve
a patient’s self-esteem and quality of life.”

Making an initial or replacement orbital prosthesis can
be expensive.”’ Generally, a silicone orbital prosthesis is
expected to last 1-2 years before requiring replacement.”’
Prosthesis discoloration from fluid, skin oil and dirt

© 2020 ELSEVIER INC. ALL RIGHTS RESERVED. 27


mailto:dtse@med.miami.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajo.2020.06.032&domain=pdf
https://doi.org/10.1016/j.ajo.2020.06.032

Ultimaker’

THT

" Ultimaker’ '-
B nu|vl0y6|

ik

R R U b

FIGURE 1. Instruments for noncontact facial topography mapping and 3D printing of orbital prosthesis. Left: Full Color 3D scanner.

Center: Colorimeter. Right: 3D printer.

deposition, material degradation, fraying of the device
edges, and altered fitting from changing soft tissue contour
around the orbital entrance can affect cosmetic symme-
try.' ! In developing countries, access to a skilled anaplas-
tologist can be limited. As a consequence, many patients
cannot afford the purchase of a prosthesis and usually cover
the defect with a patch. Even after obtaining a first pros-
thesis, the cost of replacement is often prohibitive, such
that patients resort to wearing a frayed and discolored
unit, or not wearing one at all. In underdeveloped coun-
tries, particularly among children, wearing of an exentera-
tion prosthesis is uncommon because of the rapid pace of
growth and change in facial dimensions, the cost associated
with each prosthesis, and the limited access to an experi-
enced anaplastologist.

Innovation and the adoption of new technologies such
as high-resolution digital scanners, computer-aided design
(CAD) software for manipulation of complex three-
dimensional (3D) digital data sets,'”"” and high-
resolution 3D printers can help reduce the cost and over-
come the technical hurdles that limit access to facial and
orbital prostheses for many patients worldwide.'*"” The
purpose of this proof-of-concept fabrication study was to
illustrate a novel workflow of an orbital prosthesis fabrica-
tion using advanced digital technologies. We hypothe-
sized that the integration of 3D facial topography
capture, 3D printing, automated color matching, and
CAD could reduce prosthesis cost, improve access, elimi-
nate operator-associated variability, improve symmetry
and likeness, and produce a high-quality, ready-to-wear
prosthesis without prior experience in prosthesis
fabrication.
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PATIENTS AND METHODS

THIS IS A CASE SERIES OF 3 PATIENTS, AND NO DATA WERE
analyzed to develop generalized knowledge. The authors
have received a written exemption of IRB review from
the University of Miami Institutional Review Board. An
informed consent was obtained from each patient after
full explanation of the investigative nature of the study.
The study adhered to the tenets of the Declaration of
Helsinki and complied with the Health Insurance Porta-
bility and Accountability Act (HIPAA). Patients included
in the study were treated between January 2018 and March
2020 and had a minimum follow-up period of 6 months.

e WORKFLOW FOR THE PRODUCTION OF A 3D-PRINTED
ORBITAL PROSTHESIS: Facial topography capture. The pro-

duction of an orbital prosthesis begins with the scanning of
the patient’s facial topography using the high-resolution
Artec Space Spider Hand-Held Full Color 3D scanner
(Artec 3D, Luxembourg City, Luxembourg) or similar
device (Figure 1). A single scan with multiple horizontal
passes across the patient’s face takes approximately
1 minute. Following facial topography capture, a
handheld colorimeter (E-Skin by SpectroMatch Ltd, UK)
is used to measure and match the skin color to a custom
colorant palette in the SpectroMatch database. This
process is fully automated. Measurements of certain
dimensions of the patient’s face, such as intercanthal
distance and eyelid fissures, are taken with a caliper as
redundant scaling measurements. Finally, high-definition
close-up facial images are taken with a DSLR camera
using a neutral gray color card for white-balance setting
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FIGURE 2. Digital scans of patient facial topography displayed on CAD software. Top Row (Case 1); Middle Row (Case 2): Bottom
Row (Case 3). Left column: Pre-scan appearance of each patient. Middle Column: Corresponding digital scans of facial topography
displayed on CAD software. Right Column: Computer-assisted insertion of successfully reconstructed 3D prosthesis anatomic mesh
model into digital representation of patient’s facial topography to ensure accurate fit.

to ensure color match reference and for comparison during
detailing of the prosthesis (Figure 2, left column).

Digital adaptation of scanned facial data. Once facial
topography and colorimeter recordings are completed,
the raw data are preprocessed using the scanner’s proprie-
tary software, Artec Studio 12 Professional (Artec 3D,
Luxembourg). All scans are then fused into a single digital
mesh by performing global registration of all scanned
points, removing outliers, reducing the number of poly-
gons, and applying texture and color to the mesh. The fused
mesh is exported as a Polygon File Format (.ply) into a
CAD software capable of handling polygon meshes
(Figure 2, middle column). The software used in this
work is Geomagic Studio 12 (3D Systems, USA). A
successfully reconstructed 3D prosthesis anatomic mesh
model is inserted into the digital representation of
patient’s facial topography to ensure accurate fit
(Figure 2, right column).

Digital sculpting of orbital prosthesis. Digital construction
of the anterior surface of the orbital prosthesis is created
by the mirrored image of the contralateral periorbital re-
gion to ensure symmetry. The posterior surface is modeled
on the orbital cavity geometry to create the bulbous portion
of the prosthesis that will apply gentle radial pressure in the
socket for a comfortable custom fit. A plane of symmetry is
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approximated by selecting various points that run along the
midline of the face. The plane of symmetry serves as a guide
from which a duplicate of the scan is mirrored. The scan
points where the original scan and the mirrored scan
deviate by more than 2 mm due to the orbital defect are
then determined to delineate the appropriate boundaries
of the prosthesis. This is accomplished by performing a de-
viation analysis that finds the minimum distance between a
point in the original scan and a point in the mirror scan.
The colorized deviation map of the scan data is illustrated
in Figure 3. The anterior and posterior surfaces are then
fused together to create a watertight model of the
prosthesis that conforms to the orbital cavity. To
facilitate ease of insertion and to avoid uncomfortable
pressure points against the constituent orbital walls, the
interior of the posterior bulbous portion of the prosthesis
is hollowed out to provide flexibility.

To construct the hollow posterior bulbous portion of the
unit, a wax insert is designed by creating a smooth offset of
the entire prosthesis by a distance of 3 mm and subtracting
it from the main model. This ensures that the back of the
prosthesis has a uniform thickness of 3 mm, providing it
with flexibility while maintaining adequate structural rigid-
ity. A digitized model of an ocular piece is subtracted from
the anterior surface of the prosthesis to create a hollow cav-
ity for the eyepiece to fit in the final prosthesis. Finally,
ocular prosthesis orientation is verified digitally to ensure

AUTOMATED FABRICATION OF AN ORBITAL PROSTHESIS 29
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FIGURE 3. Deviation topographic map between unaffected contralateral facial contour and exenteration side of Case 1. Deviation
scale (left, mm) denotes measured deviations, from blue (symmetrical), to red (maximal deviation observed). Prostheses were made to
cover all periorbital areas in which the deviation score was above 2.0 mm, with pointed exceptions. Minimal deviation occurs between
yellow and light blue boundary at the temporal orbital rim (black arrowhead) denoting the lateral edge of the prosthesis. The white
arrowhead pointing to the green-shaded band indicates that there is minimal deviation from the contralateral side of the face. The
black arrow pointing to the red shaded region indicates that there is substantial deviation; the prosthesis edge must cover all the
red-shaded region and extend to the tip of the black arrow. This digitally determined edge will be integrated into the design of the

mold for the final prosthesis as the edges must be carefully curved inward to effect a smooth interface with the skin.

a proper fit of the integrated ocular piece after casting as
seen in Figure 4. The result of this process is a stand-
alone 3D model of the prosthesis that can be positioned
on the original scan of the patient to verify symmetry and
gaze alignment.

Design of 3D mold. To create the mold digitally, the
front and back of the prosthesis are separated along the
edge and used to build a 2-piece negative mold. It is
crucial that the parting line of the mold is along the
prosthesis edge, which will hide the seam line caused in
the fusion of both mold parts. The back mold has 2 small
holes for filling of the mold: a sprue hole for injection of
the polymer mixture for casting of the prosthesis, and an
air hole for excess silicone and air bubbles to escape. On
the diametrically opposite comers of the molds,
alignment pins are created for clamping the front and
back molds and to prevent sliding during silicone casting.
A mold for the wax insert is designed in a similar fashion,
parting the model down the center to create a 2-piece
mold. The completed mold design is then exported as a
binary stereolithography file (.stl) for 3D printing.

Printing of digitally designed 3D mold. Once the.stl files
corresponding to the molds for the prosthesis are produced,
they are printed with white acrylonitrile butadiene styrene
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(ABS) using an Ultimaker 3D printer (Ultimaker, Gelder-
malsen, Netherlands). Printing a mold generally takes
approximately 20 hours to complete at a layer height reso-
lution of 60 pm. The molds are then manually smoothed
with acetone to remove any visible print lines or sharp

edges (Figure 5, A).

Casting of the prosthesis. Upon printing of the final
molds, silicone color samples are made according to the
SpectroMatch e-Skin color codes using Electron Micro-
scopy Sciences (EMS) Shore 40 Two-Part Clear Silicone
Kit 24232-C, the same silicone used in the production of
the prosthesis. Using color-corrected high-definition
images taken during the scanning, a skin color is selected
that best approximates the average base tone for the
patient’s face.

The last step before casting is the preparation of the wax
insert for the hollow cavity in the posterior of the pros-
thesis. Using the 3D-printed positive ABS mold, a silicone
negative of the wax insert is cast in the same silicone.
Paraffin wax is cast into the shape of the insert using the sil-
icone mold, as paraffin adheres to the surface of the ABS
mold but not to silicone. Once the paraffin wax insert is
set, it is adhered to the front face of the mold on the poste-
rior surface of the ocular piece placeholder. The wax insert
is carefully aligned using the digital design of the mold on
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FIGURE 4. Digitally aligning the ocular piece to ensure proper gaze (Case 1). A. The ocular piece is moved into its estimated position
and roughly aligned. B. Once in position, fine adjustments to gaze alighment and symmetry are made using a center-point marking on
the ocular piece. C. A final review of the gaze is assessed with the ocular piece in place on reconstructed 3D prosthesis anatomic mesh

model of the patient’s facial topography.

FIGURE 5. 3D-printed acrylonitrile butadiene styrene (ABS) mold and molded prosthesis (Case 1). A. The left block is the negative
front mold for the anterior surface. The right block is the negative back mold for the posterior surface of the prosthesis with a sprue
injection hole in the middle. B. Back mold with attached wax insert to create the hollow posterior bulb (arrow). C. Sagittal view of a
bisected molded prosthesis. Top hollow space (arrow) is the pocket created to house the ocular prosthesis. Bottom hollow space
(arrowhead) is the cavity of the bulbous posterior portion of the prosthesis. The upper eyelid is represented by an asterisk. The lower

eyelid is represented by 2 asterisks.

Geomagic, so as to create a hollow shell of uniform thick-
ness in the posterior surface of the prosthesis (Figure 5, B).

Finally, the silicone is prepared for casting. The total vol-
ume of material required for the prosthesis production is
calculated and entered into SpectroMatch’s e-Skin recipe
database to obtain a recipe for the base skin tone at the
required volume. The silicone is mixed with the proper ra-
tio of SpectroMatch Quick Weigh e-Skin silicone pig-
ments. The pigments and activator compound mixture is
homogenized and degassed in a Speedmixer (FlackTek
Inc, USA). The mold is clamped tight with bar clamps,
applying significant pressure to ensure a proper seal, and
the silicone mixture is injected through the sprue hole until
excess silicone flows through the air hole and no air bubbles
remain.

Proper design of the prosthesis edge is particularly impor-
tant. To produce an inconspicuous interface between the
prosthesis and the patient’s skin, edges must be carefully
tapered. The edges of the prosthesis should taper out
from 0.5 to 0.3 mm, which has been determined to be suf-
ficient for prosthesis durability while providing a satisfac-
tory prosthesis-skin interface. A cross section of the
hollow prosthesis after casting is shown in Figure 5, C.
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Detailing of the silicone orbital prosthesis. The cured silicone
prosthesis is removed from the mold for final detailing after
a 16-hour bench cure at room temperature. The excess
plastic from the rim of the prosthesis is trimmed and
inspected for any deformities while casting. A layer of
extrinsic coloration is applied to the surface by hand using
pigments from Factor I[I's Extrinsic Coloration Kit KT-199
Silicone Paint Kit (Factor II Inc, USA). These pigments
add details such as shading under the eye, as well as along
the folds of the upper eyelid and conjunctiva to increase
realism and aesthetic qualities of the prosthesis. After the
silicone paint has set, the sealing and matting process
takes place. In a multistep process, Factor II silicone
prosthetic sealant is applied, texturized, and matted to
protect the details of the prosthesis, while increasing its
similarity to the tone and texture of the skin surrounding
the patient’s defect. Generic synthetic eyelashes are
commercially available in beauty shops and pharmacies.
The store-purchased synthetic eyelashes are affixed to the
prostheses using clear silicone, the same type of material
used for prosthesis fabrication. Using Westcott tenotomy
scissors, eyelashes are trimmed to resemble the length,
shape, and density of patient’s contralateral side. The
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FIGURE 6. Front, sagittal, and posterior views of a completed prosthesis with extrinsic coloration applied and ocular piece inserted
(case 1). This prosthesis includes an ocular piece from the patient’s old unit.

important artistic judgment is to approximate the lash
color, length, and contour as much as possible. No
training is required for this task. A small amount of EMS
clear silicone is applied to the lacus lacrimalis of the
medial canthus to provide a mild sheen (Figure 6).

RESULTS

ALL PATIENTS WERE SCANNED IN CLINIC. THE APPROXI-
mate total production time for a prosthesis is 46 hours.
The time required in each fabrication step is summarized
in the Table. This workflow with customized made-to-
specification CAD design produced prostheses with excel-
lent socket fit, symmetrical alignment to the normal side in
form, and the precise pigment ratio mix yielded good color
match on all patients. Two (cases 2 and 3) of the 3 orbital
prostheses used the new acrylic ocular prosthesis made by a
non-3D printing technique developed in our laboratory. In
case 1, the ocular piece from the patient’s old prosthesis was
used (Figures 7 and 8). All were designed as adhesive-
retained orbital prosthesis, but only 1 patient occasionally
uses adhesive to secure the prosthesis. All 3 patients re-
ported comfort of wear and described the 3D printed pros-
thesis with soft hollow posterior bulb as having more even
distribution of pressure within the socket and better fit
retention than the prostheses they had previously worn.
The 3 patients in this study wear glasses with polycarbonate
lens to protect the normal eye and use the frame to strate-
gically camouflage the edges of the prosthesis.

e CASE REPORTS: Case 1. A 63-year-old man had left
orbital exenteration for lacrimal gland adenoid cystic
carcinoma following an institutional protocol with
neoadjuvant intra-arterial chemotherapy, concurrent
chemoradiation therapy, and additional cycles of adjuvant
chemotherapy. He is disease-free 11 years following
treatment. He had an orbital prosthesis made by the
conventional method but discontinued wearing it after 2
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TABLE. Approximate Manufacturing Times

Step Time
1. Facial topographic mapping 1h
2. Digital sculpting and adaptation of facial 4h
data
3. Digital design of 3D mold 2h
4. Mixing pigments and silicone 1h
5. 3D printing the digitally designed mold 20 h
6. Casting the silicone prosthesis 16 h
7. Detailing 2h
Total time 46 h

years because of discoloration and poor fit, instead opting
for a black patch. The patient’s facial mapping and
colorimeter readings were captured during a clinic visit in
the methods described above. The completed first copy of
the prosthesis was mailed to the out-of-state patient a week
later. The close-up photos of the prosthesis wear were
taken by the patient and e-mailed back. Based on
inspection of the photographs, it was determined that the
prosthesis edge at the 5-7 o'clock hour meridians were
vaulted off the skin (Figure 7, A [arrow]) and the
superotemporal edge was too wide and thick (Figure 7, A
[arrowhead]). Using the archived digital data sets, the
superotemporal edge was digitally trimmed and thickness
reduced, and the inferior prosthesis edge was curved
toward the skin to eliminate the vaulting. A second copy
was made and mailed back to the patient. Photographs of
the patient wearing the second copy showed both flaws
were corrected (Figure 7, B and C). The deviation
mapping guided how far the inferior edge of the prosthesis
needed to curve to effect a proper interface with the skin
in the second iteration.

Case 2. A 26-year-old woman had left orbital
exenteration for fibromyxoid sarcoma at age 14 years. Her
first orbital prosthesis was anchored to the frame of the
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FIGURE 7. Digital modifications to generate a revision unit (Case 1). A. The first iteration of the fabricated prosthesis showed sub-
optimal inferior prosthesis edge—skin interface (arrow) and the superotemporal edge was too wide and thick (arrowhead). B. Using the
archived digital data sets, the superotemporal edge was digitally trimmed and thickness reduced (arrowhead). The inferior edge of the
prosthesis between the 5 and 7 o’clock hour meridians was thinned and tapered to eliminate the vaulting (arrow). This second iter-
ation showed both flaws were corrected. C. Temporal view of the second iteration showing improved prosthesis-skin interface

(arrowhead).

FIGURE 8. Final orbital prosthesis fitting. Top row: Case 1. Ocular prosthesis is from patient’s old orbital prosthesis. Middle row:
Case 2. The acrylic ocular prosthesis is made by a non-3D printing technique. Bottom row: Case 3. The acrylic ocular prosthesis is

made by a non-3D printing technique.

glasses. She stopped wearing it and combs her hair over the
left side of her face to cover the orbital cavity. The first
iteration of her prosthesis was made without the benefit
of the colorimeter for precise color determination, and
the finished unit was judged to have suboptimal color
tone match. The patient returned to have repeat facial
scanning and a colorimeter reading using the
spectrometer and the fabrication workflow described. A
new prosthesis with a much better skin tone match was
produced (Figure 8).
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Case 3. A 53-year-old woman had right orbital
exenteration for lacrimal gland adenoid cystic carcinoma
following an institutional protocol with neoadjuvant
intra-arterial chemotherapy, concurrent chemoradiation
therapy, and additional cycles of adjuvant chemotherapy.
She is disease-free 8 years following treatment. The
initial prosthesis was made by an ocularist using the
conventional fabrication method. She discontinued the
wear of the prosthesis within a year because the fit was
not optimal: her skin was sensitive to the use of
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adhesives, and the unit frequently fell off the orbital rim in
the presence of perspiration. The orbital prosthesis unit
fabricated using facial topography mapping, 3D printing,
and silicone casting method provided a more comfortable
orbital fit and retention because of the bulbous posterior
feature of the unit. She can now wear the prosthesis
comfortably for a week without removal. The prosthesis
edge—skin interface and color match were judged to be
ideal by the patient (Figure 8).

DISCUSSION

INNOVATIONS IN 3D PRINTING OF CUSTOM PROSTHESES, IM-
plants, and devices derived from patient-specific anatomic
features continue to revolutionize medicine. Applications
of 3D printing of devices for medical advancement include
a tracheal stent, a bionic ear, and vascular networks for
perfusable engineered 3-dimensional tissues.'®'®

In this proof-of-concept workflow study of digitally
designed orbital prostheses using automated noncontact
scanning, 3D printing, and silicone casting, we were suc-
cessful in producing a first copy with good facial symmetry
and prosthesis fit. The colorimeter provided the precise
pigment ratio mix to yield good color match. The wax
insert to make the bulbous posterior prosthesis surface hol-
low is a novel aspect of the manufacturing process to
improve socket conformation and comfort of wear. Minor
digital manipulation from archived data was used in one pa-
tient to refine prosthesis edge contour and skin surface
interface to produce the final second copy. The recon-
toured second copy with improved prosthesis edge-to-skin
interface was mailed back to the patient without the
need for a return office visit. This validated production
workflow with customized made-to-specification CAD
design can provide an efficient, standardized, reproducible
fabrication of an exenteration prosthesis.

In a 2019 systematic review on the computerized tools
and digital techniques applied to fabricate nasal, auricular,
orbital, and ocular prostheses for facial defect rehabilita-
tion, Farook and associates’ indicated that there is no sin-
gle set of standards of fabrication exclusive to digitally
designed facial prostheses. Orbital prostheses follow a
similar workflow as auricular prostheses. A total of 8 reports
for orbital prosthesis fabrication were identified. Data
acquisition method varied, ranging from 3D photogram-
metry,M‘IH] magnetic resonance imaging, or computed
tomography,””** and digital camera.”’

A review of reports relevant to this manuscript on auto-
mated noncontact techniques of orbital prosthesis fabrica-
tion showed similar yet disparate production steps when
compared to our workflow. Although CAD remains the
core element in transforming the automated prosthesis pro-
duction process over the traditional methods of fabrica-
tion,”'?7?*?° none of the reports describe the use of these
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automated technologies from digital data capture to pros-
thesis fabrication in a single appointment with the patient.
Some projects report manually determining the symmetry
plane of the patient, whereas others do not make use of
the defect topography. In some cases, wax models are still
produced, lengthening and complicating the fabrication
process.

Four studies share some similarities to our noncontact
facial topography mapping, but workflow varied.!*!>!"?
Liu and associates'’ combined the use of a large, floor-
mounted facial scanner and an intraoral scanner to acquire
the digital scans. In acquiring the topography of the
contralateral eye, an intraoral scanner slides over the
healthy eye while protecting the eye with a light-proof
contact lens. The 2 scans are merged and imported into
Geomagic Studio as.stl files to digitally design the pros-
thesis and mold. All color matching was done by hand.
Chiu and associates’® employed 3D photogrammetry,
instead of a portable scanner, with reconstruction software
and a sculpting software to project the patient’s mirrored
eye onto the orbital defect to create the mold for 3D print-
ing with thermoplastic polymer. Bi and associates'* used
integrated optical scanning techniques, CAD, and rapid
prototyping technology to design negative molds for the
fabrication of orbital prostheses. Rapid prototyping is the
fast fabrication of an assembly by additive manufacturing
or 3D printing. The material used was A-RTV-30silicone,
and the final prosthesis was completed by applying the
extrinsic coloring to the pale-gray silicone unit, instead
of an intrinsically colored unit. Yoshioka and associates'’
provided a noncontact scanning method similar to our
technique, but it utilized a laser, not the less-invasive
blue-light technology, to scan. The prosthesis was modeled
in CAD software using the mirroring method. A 3D
printer was then used to make a negative mold for a wax
prototype of the prosthesis that was then fitted on the
patient’s face. The prototype was then packed with intrin-
sically colored silicone material. A high degree of artistry
was required to fit and texturize the wax model prior to
making the definitive copy with silicone. Coloring was
done by hand, as there was no description of an automated
method of standardizing the base skin color with an objec-
tive, reproducible recipe.

Our findings also demonstrated that our novel process
does not require access to a skilled prosthetist, and thus
has the potential to provide an efficient, standardized fabri-
cation process for custom orbital prosthesis regardless of a
patient’s physical location. The archived data sets allow
for quick, precise digital sculpting to refine the prosthesis
edge—skin interface or correction of any flaws with the
fabricated unit without the patient being physically pre-
sent. Furthermore, cost and fabrication time of subsequent
prostheses in the event of loss, damage, or change in
cosmetic match is dramatically reduced by retaining the
digital and physical versions of the prosthesis and molds.
A replacement unit would not require the patient to be
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present unless replacement was necessitated by a major
change in facial topography. It is important to note that
none of the authors had training in prosthesis fabrication
or consulted an ocularist at any time, demonstrating the
ability of this process to improve global access to orbital
prostheses.

Because of the versatility of remote file-sharing technol-
ogies, we envision a patient’s facial topography and skin co-
lor tone can be captured on-site, out-of-state, or in remote
parts of the world and uploaded to a central location for
digital modeling and fabrication. The only equipment
needed at the scanning site are a high-resolution scanner,
a colorimeter, and a high-resolution camera. Once the dig-
ital scanning data are captured and archived,
manufacturing a replacement prosthesis can be centralized
without the need for another scanning session. Traditional
methods of facial prostheses fabrication rely on molds made
of dental stone that degrade with every consecutive cast,
limiting their reusability.”’ The 3D-printed ABS molds
used in this workflow have the rigidity and chemical
compatibility and stability required to withstand several it-
erations of silicone casting.”””® Furthermore, new molds
can be generated from the digitized data at will, eliminating
the need for the patient to return for another scanning. An
additional benefit of this workflow is the adaptability in
integrating new materials as they become available: the
Ultimaker 3D printer used in this study can handle a vari-
ety of thermoplastic filaments to produce molds of varying
chemical and mechanical properties, and the use of silicone
can be replaced with any room temperature—curing ther-
mosetting elastomer.

The rate-limiting steps of this fabrication workflow are
the 3D printing of the digitally designed mold and casting
of the silicone prosthesis, with approximate durations of 20
and 16 hours, respectively (Table). However, it should be
noted that this proof-of-principle study was carried out us-
ing a benchtop hobby 3D printer. As newer technologies in
3D printers become available, or with the use of industrial-
type production 3D printers, we anticipate that printing
time of the ABS mold can be shortened dramatically. Simi-
larly, with the emergence of innovative print materials
capable of directly printing ultra-realistic anatomic struc-
tures in full color may supplant the need for mold produc-
tion altogether. The experience gained in digital sculpting
and adaptation of facial data to design the prosthesis,
particularly the edge—skin interface, remains a key step in
fabricating a near-perfect first copy.

In summary, our proof-of-concept study demonstrates
the ease of use and integration of advanced digital technol-
ogies for the efficient production of a complex orbital pros-
thesis that traditionally requires a trained anaplastologist
skilled in the art and knowledge of mold making to hand-
sculpt the unit. Our findings show that the described pro-
duction workflow can produce an orbital prosthesis with
good facial symmetry, skin tone match, prosthesis fit and
comfort of wear. The archived data sets allow for quick,
precise digital manipulation to refine the prosthesis edge—
skin interface or touch-up of any flaws in the fabricated
unit without the patient being present. This novel facial
topography mapping, 3D printing, and silicone casting
fabrication method has the potential to improve global ac-
cess to orbital prostheses for an underserved population.
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