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ABSTRACT This technical report presents a new digital workflow for fabricating soft-tissue facial prostheses using full-color
3D printing technology. The method combines 3D Photogrammetry, CAD modeling, skin-tone mapping, binder-jet 3D printing
(ZCorp Z510), and silicone elastomer infiltration (Sil-25) to develop lifelike implant-retained facial prostheses based on the
Doctoral research of Faracdon Zardawi. The workflow shows remarkable advantages in terms of color fidelity, reproducibility,
speed of manufacture, and comfort for the patient, compared to the traditional hand-made silicone prostheses. A specific color
management system guarantees faithful and repeatable skin tone reproduction. Mechanical and durability testing showed that
the 3D printed prostheses had lower tensile strength and flexibility than the conventional silicone, but were acceptable for
clinical use in the interim prostheses. Infiltration depth and UV stability were also investigated, identifying future opportunities
for material optimization. It is especially helpful for patients who are healing after surgery; it can be customized for the patient.
It is relatively inexpensive, easily reproducible, and it has a functional lifespan of 4-6 months. Efficient updating of the
prosthesis is possible due to the digital archive of patients’ data, which can be used to adjust the prosthesis to the changes in
tissues. There are still challenges with mechanical performance and environmental stability, but these are balanced by clinical
advantages and the ability to print multiple copies for each patient. This work puts emphasis on the possibility of the present
and future potential of 3D colour printing in maxillofacial rehabilitation: a combination of design innovation and patient-
specific treatment.

.KEY WORDS: CAD/CAM, Zcorp-Z510, Sil-25, Maxillofacial prostheses, Color printing.

I. INTRODUCTION To add further realism, a special colour management

In recent decades, the survival rate of patients with head
and neck cancer has improved, and thus, the need for
maxillofacial prostheses has increased. Conventional
silicone implants are handmade using molds, colored
pigments, and are subject to a number of problems,
including expensive, time-consuming manufacture, an
inability to match the colour, and a wvariation in
mechanical properties.

To overcome these problems, a Team from the University
of Sheffield and Fripp Design and Research. suggested an
innovative approach using the ZCorp 510 3D printer to
print the full-color layer-by-layer facial prostheses using
starch-based powder. Medical-grade silicone polymer
(Sil-25) is used for infiltration with water-based colored

workflow was created to guarantee a correct reproduction
of skin tone. This included color profile calibration
between the 3dMD optical scanners and ZCorp Z510
printer so that colors were consistent throughout the
digital-to-physical pipeline. There was high fidelity
between print models and patient skin tones in both visual
assessments and instrument evaluations
(spectrophotometry). This combination of 3D-scanning,
CAD modeling, and full-color printing is a big leap
toward a patient-specific, lifelike, and esthetically
pleasing prosthetic restoration with better clinical results
and patient satisfaction [2].

I. MATERIALS AND METHODS
2.1 Digital Workflow

inks [1]. The aims were to improve color realism and its
reproducibility, to decrease time and cost of the digital

workflow and to enable easy archiving and reproduction. . . .
Figure 1 and 2 show the technical steps in layered
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manufacturing process of a soft tissue-colored prostheses by
means of a full-color 3D printer developed by ZCorp. Data
acquisition is done using a 3D photogrammetry system,
which takes a high resolution 3D image of the patient's face.
This is followed by the 3D computer-aided design (CAD)
modeling and color mapping to accurately replicate the
patient's facial features and skin tones. It is followed by full-
color 3D printing, followed by infiltration with elastomers to
make the printed model a bit more flexible and realistic.
Lastly, the prosthesis is put through post-processing, which
involves surface finishing, imparting aesthetic and functional
properties.

2.2 Data acquisition:

Data acquisition with the help of 3D photogrammetry
System was used. A state-of-the-art, non-invasive method
that reconstructs a patient's facial anatomy in high fidelity
3D, using a series of photos taken from many angles, is
known as photogrammetry. The resulting models are often
highly accurate, with sub-100 um accuracy, greater
truthfulness and repeatability than conventional facial
impressions, with a median deviation of ~25 pm vs. ~43 um
for analogue methods. It simplifies the clinical process,
digitally capturing the face in minutes (usually 3-5 min),
avoiding errors caused by material deformation and gypsum
expansion as well as patient discomfort. Moreover, after
capturing, the digital files (e.g., STL) can be stored,
manipulated, and used together with CBCT or intraoral scans
in the CAD/CAM platforms which would allow for
designing and fabricating the prostheses precisely without
the need for multiple appointments, messy impressions and
trays. This would improve the patient's experience whilst
also reducing the turnaround time and creating highly
accurate data of the missing facial regions, which will
improve the fit and aesthetic outcome of the prostheses
compared to traditional impression techniques [3].

2.3 3D modeling(Three dimensional modeling):

We developed a CAD-based virtual prosthesis model
with color mapping for enhanced visualization and
design analysis. Computer-aided design (CAD)
involves 3D modeling to create virtual facial
prostheses with exactitude using digital scans that are
manipulated in the software. This will enable the
prosthesis to be customized in detail, such as shape,
texture and anatomical alignment. Digital colour
matching of a prosthesis to the skin tone and facial
features around the patient adds to the realism. This
CAD workflow enables effective modifications,
minimizes fabrication mistakes, and also helps with
integration with additive manufacturing. Ciocca et al.
(2018) state that the use of CAD modeling with color
texture mapping has a great impact on the aesthetic and
functional outcome of the facial prostheses because it

provides more control and predictability in the design
process [4].

2.4 Full-color 3D printing:

The ZCorp Z510 is a full-color printer with powder-bed
binder-jetting technology, which uses 4-color (CMYK)
inkjet nozzles (Fig 3) to fuse powder made of starch and
colored binder to create vibrant, high-resolution prototypes
in a single build. This system allows to print a realistic and
life-like model (e.g., anatomical replica or facial prosthesis)
with seamless incorporation of color without the need for
post-print painting [5] as illustrated in Figure 4:
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FIGURE 1: Flowchart illustrating the steps involved in 3D
color design and printing using CAD- CAM technology and

a full-color 3D print.
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FIGURE 2: Seamless steps for manufacturing of color-
printed maxillofacial prostheses, beginning with 3D image
acquisition and processing, followed by digital design and
full-color 3D printing, and concluding with post-printing
procedures such as elastomer infiltration and surface
finishing.

(52

Figure 3: ZCorp Z510 is a full-color, powder-bed
binder-jetting 3D printer that fuses starch-based powder with
colored binder

2.5 Elastomer infiltration: Printed model infiltrated with
Sil-25 silicone.

Elastomer infiltration is the process of filling a porous 3D
printed object made from a material such as starch powder
with a silicone or other elastomer compound, Sil-25 silicone
in this case. This process increases the durability, flexibility,
and skin-like texture of the model, which could be applied to
facial prosthetic applications where both structure and soft-
tissue mimicking are required (Fig. 5)

FIGURE 4: Facial prostheses produced with 3D color printing

technology

Elastomer infiltration is a technique that involves
filling porous 3D-printed models of the face with

medical-grade silicone (e.g., Sil-25), which increases
the flexibility and soft-tissue appearance of the models.
Pressure-assisted infiltration (e.g., 3 bar for ~25 min)
allows infiltrations up to depths of ~8.7 mm, enough
for most prosthetic thicknesses, and creates long-

lasting, lifelike infiltrations [6].
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Figure 5: Elastomer infiltration into the starch scaffold
under 3 bar pressure for 25 min
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2.6 Post-processing: Removal of unbound starch; surface
finishing.

To unmask the shape, the starch must be removed from
the printed model by 'post-processing', which is usually
done by compressed air or brushing. Surface finishing
can be smoothing, sealing, or coating, all of which
contribute to durability, vibrant color, and tactile
qualities, which are important in facial prosthetics for
achieving a lifelike appearance.

2.7 Post-processing: Removal of unbound starch; surface
finishing.

Post-processing is the process of removing the excess
starch (which is not bound to the printed model) from
the object using compressed air or with a brush to
reveal the shape of the object. Surface finishing can
involve smoothing, sealing, or coating to make the
surface more durable, vivid in color, and tactile, which
is important for the lifelike appearance of facial
prosthetics.

Zardawi et al. also incorporated a retention mechanism
into implant-supported prostheses to help place the
implant without the use of adhesives [5].
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2.8 Mechanical Testing (ASTM-Based)

Mechanical tests which were investigated were: Tensile
strength, Tear strength, Percentage elongation, and Hardness
(Shore A).

The study compared test specimens fabricated from Z-Corp-
printed starch reinforced with Sil-25 silicone (SPIS) against
specimens made of pure Sil-25 silicone (SP), which served
as the control group [7]

2.9 Infiltration Depth Study

The study examined elastomer penetration at pressures of 1
bar, 2 bar, and 3 bar for Sil-25, Promax-10, and M-3428
elastomers. Depth is measured by cross-section microscopy
and SEM imaging [6].

2.10 Color Reproduction

A workflow was created using color profiles of the 3DMD
scanners and the ZCorp printer. Fidelity of skin tone
reproduction was verified by visual and instrumental
methods [8]

2.11Durability Testing

Printed samples were tested under natural (monthly aerial
exposure) and accelerated artificial weathering. Long-term
changes of mechanical properties were observed [9].

lll. RESULTS

3.1 Mechanical Properties

There was a significant difference between SPIS samples
and pure silicone in terms of tensile strength, tear strength,
elongation, and shore A hardness. Because of the expected
harsh mechanical differences of the starch matrix leading to
brittleness, it was decided that it would be best to apply the
composite, which was more flexible, with greater thickness
in the areas most likely to crack.

Durability tests: Weathering caused minimal changes after
4 months, but accelerated and after exposure, induced
significant deterioration, especially in SPIS due to greater
vulnerability to environmental stress.

3.2 Infiltration Depth
Sil-25 infiltration depth ~1.45 mm at atmospheric pressure;

increased to ~3.9 mm at 2 bar and ~8.7 mm at 3 bar for 25
minutes (Fig 6)
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FIGURE 6: Elastomer infiltration inside 3D printed starch

cubes under pressures of 3 bar for Sil-25

Promax-10 and M-3428 showed ~2.4 mm and ~7.5 mm,
respectively, under 3 bar pressure (IOMC World).SEM
revealed heterogeneous infiltration, leaving some voids, but
with sufficient depth for typical prostheses (< 16 mm), (Fig
7).
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Figure 7: SEM-for-Sil-25-hand-mixed-with-40-starch-by-
weight-x178.png

3.3 Color accuracy

The skin colors scanned from the subjects were found to be
entirely within the color gamut of the ZCorp printer, enabling
accurate color reproduction during prosthesis fabrication.
The resulting prostheses demonstrated excellent color
matching and high texture fidelity, closely replicating the
appearance of natural tissues. Furthermore, the system
proved to be both repeatable and efficient in reproducing
colors for nasal and auricular (ear) prosthetic models,
indicating its suitability for the consistent production of

aesthetically realistic maxillofacial prostheses.
(SpringerLink)
3.4 Biocompatibility

Preliminary tests demonstrated acceptable results; however,
comprehensive clinical trials are still required to fully
validate the technology and its clinical effectiveness (3dMD,
White Rose eTheses Online) [10]

IV. DISCUSSION

4.1 Clinical and Technical Implications and New
Workflow Enhancements

The use of this newly developed digital technology in the
field of facial prosthetics had the following benefits:

Efficiency: Digital workflow and automated production
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saved considerable time and expertise in artisanal work.

Reproducibility: CAD files can be easily copied or
redesigned. Color and Fit: High fidelity color and anatomic
accuracy contribute to better esthetic results.

4.2 Digital Data-Capture and Pre-Surgical Alignment

Today, workflows are coming to use high-resolution
structured-light or photogrammetry and CBCT imaging for
a comprehensive planning approach. These protocols
minimize chair time and dependency on technicians and
allow for clinician-less workflows. The integrated software,
previously introduced, now overlays facial scans onto a
skeletal model to actually preview the positioning of the
implant and the aesthetic outcomes, adding rigor to your
foundational photogrammetry-based capture [11, 12].

4.3 Objectively Measure & Manage Skin Tone

Today, no longer is shade matching done by guesswork.
Instead, portable spectrocolorimeters are used to collect
accurate skin-tone readings and seamlessly integrate into
ICC-governed color workflows. This does not only improve
fidelity and repeatability in colour mapping but also reflects
focus on a controlled colour system, maintaining colour
accuracy across prints [13, 14]. Furthermore, new systems,
such as “e-skin”, allow for standardized D65/10° data and
formulaic color outputs to be used to ensure reproducible
pigment formulations [14].

4.4 Fabrication: Indirect & Direct Color 3D Printing
Innovations

Binder-jet/infiltration processes are still being improved for
properties like porosity control and UV stability. At the same
time, literature for 2024-2025 references progress in direct
silicone printing applications, both vat-polymerized and
drop-on-demand (DOD), with clinically acceptable fit and
aesthetics for silicone prints. In addition, there are new pilot
systems that extrude two-part silicone liquid filaments (A/B
system) into silicone with an internal mixing process, and
they provide customizable shore hardness and less complex
hardware requirements, pointing towards cheap and
distributed silicone fabrication models [15].

4.5 Quality Assurance/Archives & Prosthesis Refresh

Today's workflows include objective AE colour stability
testing as well as mechanical tests such as tensile and tear
measurements as part of quality control. Digital archiving
allows for prostheses to be reprinted or modified quickly in
case of tissue modification, allowing efficient refresh
schedules and consistent interim use without the need for full
redevelopment [16].

4.6 Limitations

Mechanical weaknesses: Printed-in silicone is less flexible,
tear-resistant, and durable.

Color stability: Printed colors degrade faster under
UV/weathering.

Infiltration variability: Voids and inconsistent silicone
distribution.

4.7 Future Directions

Researchers developed hybrid composite materials to
enhance the mechanical properties of prosthetic devices.
They also improved color stabilization techniques to achieve
better long-term aesthetic performance. The infiltration and
post-processing procedures were automated to facilitate
efficient fabrication and clinical application of the
prostheses. Researchers conducted patient-centered clinical
trials to evaluate prosthesis performance and collected
patient feedback regarding comfort, retention, and longevity.
In addition, they expanded the color gamut of the fabrication
system to accommodate a wider range of skin tones and
improve aesthetic matching for diverse patient populations.

V. CONCLUSION

Technically, Zardawi's 2013 thesis shows that it is possible
to generate full-color maxillofacial prostheses designed by
CAD/CAM by 3D printing with ZCorp and infiltrating them
with silicone

Elastomer Infiltration .

FIGURE 8: Full-color facial Prostheses produced using
CAD/CAM-designed, implant-supported maxillofacial
prostheses via ZCorp color 3D printing and silicone
infiltration materials. Reduced cost and time, clinically
viable skin color matching, and digital reproducibility were
obtained. At present, however, mechanical durability and
colour stability are still not as good as those of
conventionally fabricated silicone prostheses, and these
materials require further optimization and clinical validation

(Fig 8).

5.1 Clinically Significant:
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Innovation: The study bridged 3D scanning, color printing,
and silicone infiltration technologies into a cohesive
workflow for the fabrication of maxillofacial prostheses

Performance: Color replication is excellent, and
mechanical compromises are manageable for non-
load-bearing prostheses.

Scalability: It offers reproducible, achievable, and
potentially remote-access manufacturing. Next Steps:
Future research should focus on material improvements,
long-term  testing, and  real-world  clinical
implementation of the proposed technology.

VI. SUMMERY

This Technical report demonstrates the feasibility of
producing full-color, CAD/CAM-designed, implant-
supported maxillofacial prostheses via ZCorp color 3D
printing and silicone infiltration. The integration of 3D color
printing technology with a CAD/CAM workflow offers a
promising  alternative to  traditional = hand-crafted
maxillofacial prostheses. This approach enhances color
accuracy, reduces fabrication time and cost, and enables
efficient digital storage for future reproduction. Although
certain drawbacks remain—such as limited mechanical
strength and potential color degradation over time—these
can be mitigated by printing multiple copies for the patient.
Moreover, this type of prosthesis is expected to maintain a
functional service life of approximately 4-6 months, making
it especially suitable as an interim solution for patients
following surgical ablation of facial structures. During the
healing period, ongoing tissue changes may necessitate
modifications to the prosthesis; however, since patient data
is already digitally archived, only minor adjustments are
needed to produce updated versions that reflect the current
tissue contours. This adaptability reinforces the clinical
value of 3D-printed prostheses in transitional maxillofacial
rehabilitation.
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