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Abstract: Manufacturing of facial epithesis is a complex technological process including several traditional
stages of production, accompanied by aggravated psycho-emotional status of the patient. One of the main
factors causing discomfort in patients with facial defects is the process of obtaining silicone impressions from
the wound surface and the long waiting period for the final epithesis. Active development of digital
technologies in medicine and dentistry helps specialists not only to automate most of the traditional stages of
manufacturing of dento-mandibular and facial prostheses, but also improves the quality of life of patients by
increasing the efficiency of services and reducing the production time of prosthetic structures. The application
of digital technologies in the production of facial epithesis was difficult due to the lack of specialized 3D-
software for modeling and material for further additive manufacturing of structures. The authors developed a
unique technology for 3D modeling and additive manufacturing of facial epithesis, including a 3D CAD
module and material for 3D printing. The primary objective was to fabricate immediate facial prostheses in the
postoperative period in the shortest possible time until the final epithesis was fabricated.

Keywords: digital dentistry; facial epithesis; 3D printing; 3D modeling; facial prosthetics

1. Introduction

People with facial defects are a special category of patients whose complex rehabilitation
requires complex technological stages of treatment and further psycho-emotional adaptation.
Oncologic diseases, congenital defects, gunshot wounds, specific lesions of the maxillofacial region
and suicide attempts all lead to the loss of part of the face. Besides, according to World Health
Organization statistics, one child with a facial defect is born every 3 minutes.

As a result of surgical interventions in the maxillofacial area, patients often experience
disruption of vital body functions such as breathing, digestion, speech formation, etc.,, which
obviously reduces the overall quality of life and aggravates the psychosomatic status.

The main stage of rehabilitation of such patients is maxillofacial prosthetics. Making a facial
epithesis helps to replace facial defects and restore vital functions of the body. Improvement of
appearance leads to social adaptation of the patient and normalization of his/her quality of life.

The complex technological process of manufacturing facial epithesis includes several surgical,
orthopedic and dental stages. In order to achieve a successful and guaranteed result of treatment, it
is necessary to coordinate the work of all participants of the process and comprehensive planning of
the entire treatment.

Currently, facial epithesis fabrication is performed according to analog algorithms. At the
beginning of the prosthetic phase of rehabilitation, silicone casts are taken from the wound surface,
which already causes great discomfort for the patient. The subsequent stages of making a plaster
model of the defect, creating and customizing the final prosthesis take a couple of weeks.

Traditional methods of epithesis fabrication utilize platinum-based silicones. When the two
components are mixed, the silicone polymerizes, which should result in a flexible and durable
structure with a Shore A hardness from 10 to 30.

For digital methods of facial epithesis production, the literature describes three ways in which
they can be applied. The first method involves the fabrication of a prototype of the future epithesis
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from standard photopolymer materials by 3D printing, from which, after fitting, a mold is made for
casting a permanent structure using conventional technology. The second method consists in
manufacturing a special cuvette using additive technologies based on the modeled negative shape of
the prototype prosthesis. And the third method, which is under active development by scientists
from different countries, is the direct printing of the final prosthesis. However, the optimal material
for manufacturing temporary and permanent facial epithetics by additive technology, which would
meet the necessary physical, mechanical and aesthetic properties, has not yet been developed.

The use of digital technology for the fabrication of facial prostheses has always been limited due
to the lack of 3D defect modeling software and the shortage of material from which to fabricate a
prosthesis with the required physical and mechanical properties. The methods known from the
literature for additive manufacturing of facial epithesis are not used and are not available due to the
complexity of the manufacturing process itself and the economic inaccessibility of the equipment for
everyday dental practice.

Thus, in the postoperative period, the patient is forced to live with a disfigured face until the
epithesis is fabricated. There have been known cases of suicidal attempts by such patients who could
not withstand the psycho-emotional strain. The quick and quality fabrication of immediate facial
prostheses while the patient waits for the final construct is an incompletely understood issue.

The solution of all these problems and the development of a comprehensive solution to the issue
of rehabilitation of patients with facial defects using digital technologies formed the purpose of our
study.

2. Materials and Methods

3D Software

To achieve the goal, the first task was to develop specialized 3D software for modeling facial
defects. The functionality of the program should allow virtual modeling of missing parts of the face
(ear, eye, nose, orbit). To create a digital platform together with IT specialists it was decided to use
the following programming languages (Table 1):

Table 1. Programming languages used.

Cit Writing software kernel, writing UI/UX interaction modules, interfacing with
Windows operating system

C# Comprehensive assembly of the entire project

Python Automated assembly of virtual library modules

L
OpenG Shader language, for graphical visualization of objects
HSLS
C Creating functions to interact with shaders that require high speed

The software under development was supposed to integrate 3D models of facial parts (ear, nose,
eye, orbit) of different shapes and sizes for the subsequent automatic adaptation of virtual epithesis
to the wound surface with the possibility of manual correction of the final virtual model. For this
purpose, 287 CT scans 15x15 cm were analyzed, from which 50 studies of patients of different ages,
male and female, with intact facial parts, of different shapes and sizes were selected. (Table 2).
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Table 2. The study of computed tomography.

Men Women Children

287 CT 50 CT
25 CT 17 CT 8CT

The main ideology of the developed technology was the possibility of making facial epithesis
without preliminary obtaining silicone impressions from the wound surface. Writing of the program
code was to enable automatic conversion of the patient's head computed tomography from the
DICOM to STL format for the subsequent possibility of modeling virtual epitheses.

3D printing material.

Summarizing the data studied in the literature, we can identify the optimal physical and
mechanical properties of 3D-printing material from which facial epithesis can be made:

1. Tensile strength - with constant use and hygiene of the denture, the tensile strength of the
material should correspond to values between 53 and 175 N/cm.

2. Ultimate tensile strength and percent (maximum) elongation - the engineered structural
material should have a tensile strength of 2 to 7MPa and high percent elongation.

3. Dynamic modulus - the material should have a low dynamic modulus and be resistant to
deformation.

4. Hardness is one of the main properties as the facial epithesis should be similar in hardness to
the lost part of the face and should correspond to values between 25 and 40 Shore A values.

5. Rigidity - to avoid changes in the physical properties of the final epithesis under the influence
of temperature, the material must have a low glass transition temperature.

6. Wettability - assessed by measuring the angle of contact between water and the surface of the
final structure. Optimal wettability of the material prevents it from spreading and changing its
physical and mechanical properties

7. Water sorption - the level of water adsorbed in the material should be moderate and epithets
should not be subjected to deformation during sterilization.

8.  Optimal specific gravity - for comfortable daily use and denture retention, the material
developed should not be heavy.

Based on the study of literature sources and detailed analysis of physical and chemical

characteristics of known materials for 3D printing, we have identified the main components that have
a direct impact on the physical and mechanical properties of the developed material (Table 3):

Table 3. Main components of photopolymer materials.

Component Properties

A high molecular weight oligomer that determines the
Urethandimethacrylate properties of the raw material and the finished structure
after polymerization

Bifunctional monomer, allows for optimum blend

Polyethyl lycol dimethacrylat
olyethylene glycol dimethacrylate viscosity and reactivity

Monofunctional monomer, also provides the desired

2-hydroxyethylmethacrylate viscosity of the finished material

Diphenyl (2,4,6-trimethylbenzoyl)
phosphinoxidil Phenylbis (2,4,6-
trimethylbenzoyl) phosphinoxide

Acts as a photoinitiator in the photopolymerization
process
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To investigate the physical and mechanical properties of the developed structural material for
the manufacture of facial epithesis, two types of specimens were produced by 3D printing - for
uniaxial tensile and three-point bending tests. Tensile and three-point bending tests were performed
on an Instron 5982 universal testing machine in accordance with the established standards. (Figure
1)

(b)

Figure 1. Samples of materials for uniaxial tensile (a) and three-point bending tests (b).

Modulus of elasticity in bending E, MPa, was calculated by the formula:
JAE
" 4bh3d
where F1 is the load in the area of elastic deformation of the specimen, selected on the rectilinear
section of the diagram "load - strain", N;

d - deformation at load F1, mm.

Artificial aging of the samples was carried out in a thermostabilized container Midea 6000
(thermopot). Five samples were made and placed in a thermopot filled with distilled water. The water
temperature was maintained at +80 °C. The accuracy of temperature maintenance is — 1 °C.

To assess the biological safety of the developed material, toxicological investigations were
carried out using the following methods:

e  direct-contact method
e by calcein-AM and propidium iodide staining
e amethod for assessing the total metabolic activity of cells using the XTT-test.

The residual adhesion of microorganisms to the surface of structural material after the
photopolymerization process was also evaluated. The adhesion of the following microorganism
strains was investigated: : E. coli ATCC 25982; St. aureus ATCC 6538; C. albicans ATCC 10231; St.
mutans - 3003.
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3. Results

3D software.

Based on the given functional requirements, we have developed three-dimensional software
"Phoenix 3D". The uniqueness of our development lies in the complete automation of all processes
necessary for the production of facial epithets. The necessity of obtaining silicone impressions from
the wound surface of the face is eliminated. To ensure the process of epithesis modeling, it is enough
to export the computer tomography of the patient's head in the format. dicom. Then the process of
automatic conversion of the three-dimensional model into the. stl format takes place. (Figure 2).

Figure 2. Converting a 3D-model to stl format.

As a result of analyzing 50 CT scans of patients with intact parts of the face, separately were
identified the ears, eyes, nose and orbits for creation a virtual digital library and further integration
into the Phoenix 3D software. (Figure 3).
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Figure 3. Virtual library of nasal models.

The first step after converting the CT scan into stl format is to mark the defect boundary using
the built-in editing tools and select the required facial model from the virtual library. The Phoenix 3D
program automatically places the virtual model of the epithesis in the defect area, considering the
presence of undercuts and the topography of the prosthetic bed tissues. (Figure 4).

Figure 4. Automatic placement of the virtual nose model.

After positioning the epithesis model in the defect area, specialists have the opportunity to make
manual corrections to the design using built-in editing tools. Next, the 3D virtual model of the facial
part is exported in stl or .obj format, with subsequent production using additive or subtractive
technologies.

Material for 3D printing

Based on the study of literature sources and chemical composition of known polymeric
materials, we obtained samples of structural material for the manufacture of facial epithesis. The
developed polymer consists of: urethane dimethacrylate, polyethylene glycol dimethacrylate, 2-
hydroxyethyl methacrylate and diphenyl (2,4,6-trimethylbenzoyl) phosphinoxide, with the following
ratio of components in weight %

urethandimethacrylate - 50,

polyethylene glycol dimethacrylate -41,49,
2-hydroxypropyl methacrylate - 5,

diphenyl (2,4,6-trimethylbenzoyl) phosphinoxide - 3,
titanium dioxide 0.2,

iron oxide pigment brown 0.2,

iron oxide pigment red 0,01,

iron oxide pigment yellow 0.1.

The material was obtained by vigorous mixing on a dissolver of the oligomer and monomer
mixture, while heating to at least 60°C with the addition of photoinitiator until homogeneity was
achieved. (Figure 5):
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Figure

5. Mixing the components of the structural material.

The results of tensile testing of the developed material samples are presented in Table 4.

Table 4. Results of tensile specimen measurement.

sa:op‘ale hmm b,mm Ao,mm? Fu N Fio, N I\(Z;a Sf;’a &r,% E,MPa
1 3,91 10,36 40,51 45,07 24,70 1,11 0,61 50,1 3,10
2 3,95 10,51 41,51 65,34 20,24 1,57 0,49 75,8 3,13
3 3,87 10,65 41,22 57,06 20,21 1,38 0,49 65,4 3,42
4 3,89 9,97 38,78 48,85 19,34 1,26 0,50 58,6 3,31
5 3,96 10,34 40,95 68,17 20,13 1,66 0,49 73,8 3,73

h - average thickness of the working (narrow) part of the sample, mm

b - average width of the working (narrow) part of the specimen, mm

A0 - initial cross-section of the sample, mm2

Frr - tensile load at which the specimen failed, N

Frtu - tensile load at reaching the conditional yield point, N

orr - breaking strength, MPa

ortu - conditional yield strength, MPa

err - relative elongation at break, %

E - tensile modulus of elasticity, MPa

The averaged values of the results of tests on terhpoint bending, are given in Table 5.

Table 5. Results of three-point bending tests.

Sample h, mm b, mm F1/d, N/mm E, MPa

1 3,02 10,00 0,0385 4,37

2 3,03 10,07 0,0424 4,73
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3 3,04 10,06 0,0628 6,94
4 3,03 10,07 0,0678 7,56
5 3,07 10,07 0,0545 5,85
6 3,06 10,05 0,0671 7,28

h - thickness of the sample averaged over three measurements, mm

b - specimen width averaged over three measurements, mm

F1 - maximum load at the elastic deformation section of the specimen, N

d - deformation at load F1, mm

E - modulus of elasticity in bending, MPa

The value of the elastic modulus of the material averaged over 6 specimens was calculated - (6.12
+1.24) MPa.

As a result of tests of initial samples and samples that underwent artificial aging at 6 and 12
months, it was found that the tensile strength and modulus of elasticity decreases with increasing
time of operation and the amount of deformation that the samples withstand decreases.

Measurement of the hardness of the samples by Shore A showed average numerical values
within +- 36.

Thus, analyzing the results of the conducted physical and mechanical studies and comparing
the obtained numerical values with the known analogues of photopolymer materials, we can
conclude that the newly developed material for the fabrication of facial epitheses meets all the
necessary strength characteristics.

To evaluate the cytological properties of the photopolymer, samples with intact mechanical
displacement areas were selected. Then we performed staining with calcein-AM, in which living cells
under microscopic magnification have green luminescence and dead cells have red luminescence. No
red luminescence of dead cells was detected in the examination of all our samples. (Figure 6).

Figure 6. Fluorescence microscopy of 4 samples.
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The next task was to evaluate the total metabolic activity of the cells using the XTT assay. (Table
6).

Table 6. Results of XTT-test.

Sample 1 Sample 2 Sample 3
1 0,785 1,358 1,517
2 1,334 1,088 1,065
3 1,048 1,333 1,219
4 1,141 0,892 1,084
5 1,000 1,997 0,475
Control 0,392 0,397 0,397

4. Discussion

As aresult of all conducted studies of the developed material, the absence of cytotoxic properties
was confirmed, which indicates favorable possibilities of photopolymer application in clinical
practice.

When conducting microbiological studies and studying the adhesion of strains of
microorganisms of conditionally pathogenic group to the presented samples, the following indicators
were revealed: (Table 7).

Table 7. Indices of the index of adhesion of microorganisms to the submitted samples.

Standard at Adhesion

Cultures CFU Lg7.0 Index Characteristic
107 percentage
E.coli ATCC

5082 3 2,5 7,39 0,064 6,4 low
St,aureus ATTC

6538 20 2,5 7,39 0,281 28,1 low
C.albican ATTC

10231 1 2,5 7,39 0,14 14 low
St. mutans 3003 4 2,5 7,39 0,252 25,2 low

From the obtained data we can conclude about low adhesion of conditionally pathogenic group
of microorganisms to the presented samples.

Considering the physical and mechanical characteristics of the developed material obtained as
a result of the conducted complex of researches, the absence of cytotoxic properties, as well as the
low level of adhesion of the main opportunistic microorganisms, we can conclude that it is acceptable
to use photopolymer material for manufacturing facial immediate prostheses by the method of
additive technologies.

Temporary facial prostheses produced using the 3D printing method demonstrate consistent
physical and mechanical properties over a period of 12 months, as evidenced by accelerated aging
studies. This durability enables their application for up to one year following the initial surgical
procedure (Figure 7).
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Figure 7. 3D-printed ear and nose epithesis.

The integration of advanced technology into conventional processes enables the fabrication of
intricate facial prostheses, incorporating diverse facial elements. (Figure 8).

Figure 8. Epithesis of the face.

5. Conclusions

The issue of rehabilitation of patients with facial defects is extremely acute. In addition to the
annual increase in the number of patients with oncologic diseases of the maxillofacial area, the
number of people with shrapnel and gunshot wounds of the face as a result of local wars and conflicts
has increased in recent years.

Traditional methods of orthopedic rehabilitation of patients and manufacturing of facial
epitheses is a rather complicated and long process. In the postoperative period there is a sharp
decrease in the quality of life of this category of patients, violation of the basic functions of the body
necessary for vital activity and poor social adaptation.
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Direct facial prosthetics in the postoperative period was impossible due to the lack of necessary
digital modeling technologies and structural materials for additive or subtractive methods of
production. The fabrication of temporary or permanent facial epithesis using digital technologies is
an urgent task that can improve the social and functional conditions of patients.

The developed technology of 3D-modeling and additive manufacturing of facial epithesis will
allow to produce facial prosthesis directly on the day of surgery. The conducted physical-mechanical,
cytotoxic and microbiological studies of the innovative constructive material give grounds to use
such a prosthesis for 12 months, until the final epithesis is fabricated, or to fabricate a new one
according to the proposed technology.
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