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ABSTRACT

This paper presents a case study of pre- and mid- surgery supplies in the field of maxillofacial surgery. The
operation involved the process of resection within the mandible and the implantation of a joint endoprosthesis.
The methodology is based on medical data in DICOM format and a maxillofacial model in STL format obtained
through structural scanning. The stages of work included processing medical data involving medical imaging seg-
mentation, structural scanning, model design and their production using 3D printing. SLA technology and various
materials for each model were used in the process. The entire process underwent clinical validation during the
mandibular reconstruction surgery and analysis of the obtained results. Satisfactory maxillofacial models were
obtained, allowing for precise positioning of the endoprosthesis and planning of the surgical procedure, while the
individually tailored guides and templates were used during the surgery. The models significantly improved the

quality of the surgery, shortened its duration, and accelerated the patient’s recovery.

Keywords: 3D printing, surgery supplies, maxillofacial reconstruction, imaging-based design.

INTRODUCTION

In recent decades, interdisciplinary coopera-
tion has driven innovation in the medical field,
leading to advancements in diagnostic devices
and treatments. By combining expertise from en-
gineering, biotechnology, medicine, biology, and
materials science, each discipline contributes to
a comprehensive approach to problem-solving.
Engineers focus on design, while doctors pro-
vide medical expertise, making their collabora-
tion highly effective [1-4]. These collaborations
have led to developments in tissue engineering,
biocompatible materials, prosthetics, bionics,
biomechanics, biomedical imaging, and nano-
technology [1, 2, 5]. Additive manufacturing
(AM) has revolutionized the medical sector, of-
fering vast opportunities for creating patient-spe-
cific biomedical products [4, 6]. One of the most
promising applications of additive manufacturing
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in the medical field is the creation of customized
implants covering different areas of the body [1—
3]. Another application is the production of pros-
theses and orthopedic devices [4—7].

Thanks to AM the process of creating cus-
tomized prostheses becomes not only efficient,
but also economical [8—10]. In addition, additive
manufacturing finds application in the production
of surgical instruments and medical devices that
can be customized to meet the requirements of a
specific procedure or surgery [11, 12]. In the area
of tissue engineering, 3D printing is being used
to produce organs and living cells and tissues.
The method also has an impact on surgical plan-
ning, enabling the creation of anatomical mod-
els of patients on which surgeons can hone their
skills by simulating surgical procedures[11-13].
Such models can be divided into pre-operative,
intra-operative and post-operative models.
Each of these has different functions (Figure 1).
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Pre-operative models are mainly used to simu-
late and plan surgical procedures before they are
performed, and can also be used for communica-
tion between doctor and patient [14]. Intraopera-
tive models have the most practical application,
as they are used during actual surgery. They help
with navigation during procedures, while increas-
ing surgeon confidence and improving visualiza-
tion of the patient’s anatomical structures. Post-
operative models are most often used to visualize
the patient’s structures after procedures, to verify
the correctness of the procedure performed or the
patient’s recovery [15]. Depending on the func-
tion of the models, different additive manufactur-
ing techniques and materials are also used. When
the model is taken to the operating room and used
during procedures then it must be made of bio-
compatible and sterilizable materials. This is an
extremely important requirement for such models
[16]. On the other hand, when the model is to pro-
vide only visual functions then there is no need
to use compatible materials, and you can opt for
those with the highest accuracy.

Additive manufacturing involves creating
pre-designed 3D objects using a printer and CAD
software. The process involves applying material
layer by layer, creating a shape that conforms to a
digital model. AM techniques are widely used in
medicine, especially in dentistry, prosthetics, im-
plantology and surgery. In the future, printing or-
gans and tissues could help extend the lives of pa-
tients struggling with various diseases [17]. There
are a number of AM techniques, which are classi-
fied according to workspace, machine dimensions
or materials used - the most common criterion for
division. The main technologies applied in bio-
medical engineering include FDM (fused deposi-
tion modeling) [18-20], SLA (stereolithography)
[21-24], PolyJet [25-27] and SLS (selective laser
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sintering) [28-30], among others [25, 31]. AM
technology is transforming maxillofacial surgery
by enabling precise, personalized models and im-
plants through affordable 3D printing. This inno-
vation enhances treatment for complex anatomi-
cal defects, improving surgical precision and out-
comes. Many medical facilities now use AM labs
to streamline the production of surgical models
and optimize treatment planning [32-35].

A key application of AM technology is the
creation of personalized surgical plates for man-
dibular and maxillary reconstruction, particularly
after oncological procedures. It allows for the pro-
duction of custom plates and cutting templates,
ensuring precise bone segment shaping in fibula
or scapula-based reconstructions. This improves
accuracy, reducing deviations in bone position-
ing by over 30% and minimizing manual plate
adjustments, leading to shorter, more predictable
surgeries [36—40].

AM also facilitates custom titanium implants
for complex jawbone defects. SLM-produced im-
plants integrate well with bone, supporting heal-
ing, vascularization, and structural stability, while
restoring facial function and aesthetics, including
chewing and symmetry [41-43]. AM technology
is revolutionizing orbital reconstruction by en-
abling precise surgical planning and the creation
of custom implants. Using CT scans and 3D mod-
eling, surgeons can design implants that perfect-
ly match the patient’s fracture by mirroring the
healthy side of the orbit. This approach improves
implant alignment, reduces deformities, and re-
stores orbital symmetry, effectively minimizing
complications like double vision and enophthal-
mia [44-47].

During the literature review, the authors ob-
served that one of the less commonly used ap-
proaches in preoperative planning in maxillofacial
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Figure 1. Division and functions of operative models (based on [14])
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surgery is the application of dual printing of oper-
ative models. Standard practice typically involves
printing either a preoperative model or an intra-
operative model, whereas utilizing both simulta-
neously can offer significant diagnostic and surgi-
cal benefits with only a slightly increased work-
load. Furthermore, the analysis indicates that
bone models dominate in maxillofacial surgery,
while the reconstruction of soft tissues, nerves,
and blood vessels remains a relatively uncommon
practice. The literature includes cases where soft
tissues are considered mainly in numerical anal-
yses, such as the finite element method (FEM),
however, their physical implementation in the
form of 3D-printed models is still not widespread.

MATERIALS AND METHODS

Concept and plan of work

The aim of the study was to design and cre-
ate personalized preoperative and intraoperative
tools, including anatomical craniofacial models,
as well as custom surgical guides and templates.
Their application was intended to facilitate the
planning and execution of a complex surgical
procedure in a patient for whom standard meth-
ods would be insufficient. The task also included
the development of a detailed methodology for
their manufacturing to ensure that the tools are
precisely tailored to the patient’s individual ana-
tomical features. A key goal of the project was
to develop models to facilitate the planning and
preparation of implants prior to surgery, as well
as to streamline the reconstruction procedure in
the craniofacial region and reduce surgical time.
The work was divided into several key stages
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(Figure 2). It began with a preliminary consulta-
tion and the collection of medical data, during
which the maxillofacial surgery team determined
the requirements for the anatomical models and
their functionality. Computed tomography (CT)
scan data of the patient was gathered and used to
prepare the craniofacial models.

Next, the collected CT data was processed
through segmentation to extract key anatomical
structures of the craniofacial region. The mod-
els were then printed using DLP technology and
underwent finishing procedures, including UV
cleaning and curing. Based on the printed models,
physicians identified the precise resection areas
and tested the reconstruction plate to ensure a pre-
cise fit according to surgical requirements.

Subsequently, individualized templates and
guides were designed and printed using a scanned
model with the reconstruction plate. These guides
underwent finishing processing in preparation for
use during surgery. In the final stage, clinical vali-
dation of the fabricated models and instruments
was conducted to ensure their accuracy and func-
tionality. Each step contributed to the main goal
of the work - to provide effective support for sur-
geons and optimize the surgical process through
the use of personalized, additively manufactured
surgical aids.

The study conducted is distinguished by an
innovative and comprehensive approach to the
process of designing and manufacturing models
to support maxillofacial surgery. The innovation
of the methodology consists in a multi-step and
at the same time highly efficient process, which
includes both the use of 3D printing technology
and reverse engineering elements. A key point
in the process is doubled 3D printing process
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Figure 2. Diagram illustrating the stages of work
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— anatomical structures printed firstly are then
preoperatively used for the development of mod-
els that are later used as intraoperative guides.
These models are closely linked — intraoperative
models are created on the basis of preoperative
ones after simulated surgery (its results are incor-
porated by 3D scanning of “operated” model), en-
suring consistency and accuracy in the planning
and execution of procedures.

While routine cases are widely discussed in
the literature, there is a lack of approaches dedi-
cated to very complex and rare cases. This study
attempts to address that gap by developing a new
methodology specifically aimed at treating such
challenging conditions. The proposed approach
enables comprehensive support in the treatment
of highly intricate cases, and its impact on the ef-
fectiveness of surgery and patient recovery opens
up new possibilities in modern surgery.

Case study

The conducted study was based on patient
data obtained from medical imaging performed
at the University Clinical Hospital in Poznan.
The subject was a 54-year-old oncology patient
treated for a maxillary tumor, who had undergone
extensive surgical procedures, including a left
maxillectomy, eye enucleation, and radio- and
chemotherapy. In 2020, the patient underwent
surgery for temporomandibular joint ankylosis,
but imaging in 2023 revealed progressive oste-
olysis of the left mandibular head and thickening
of joint structures (Figure 3). Due to the advanced
destruction of bone tissue, a decision was made
to resect a segment of the mandible and implant
a joint endoprosthesis. The planning process re-
quired the use of personalized craniofacial models

and surgical guides, which enabled precise recon-
struction of anatomical structures, improved im-
plant fit, and facilitated the surgical procedure.

Segmentation and additive manufacturing of
anatomical models

The segmentation process was carried out us-
ing the free version of InVesalius 3.1.1 software,
which allows for the processing of medical im-
ages in DICOM format. Once imported, the data
was displayed in three standard orientations—
axial, sagittal, and coronal—facilitating thorough
analysis and the selection of appropriate segmen-
tation parameters.

By default, the software suggests threshold
values for bone tissue ranging from 226 to 3071.
To achieve a more detailed representation of bone
structures and include a slight tissue margin, the
lower threshold was adjusted to 160. This modi-
fication caused the segmentation to encompass
not only bone tissue but also fragments of the CT
scanner apparatus. Based on the modified param-
eters, a three-dimensional surface was generated.
During the analysis of this 3D surface, artifacts
were identified, particularly in the form of mesh
gaps near the orbital regions. All artifacts and
mesh errors were corrected in subsequent steps to
ensure maximum model accuracy. Figure 4 shows
a section of the program window, displaying the
medical imaging data and the generated three-
dimensional model. Once a satisfactory three-di-
mensional geometry was obtained, the final model
was exported as a point cloud in STL format.

To prepare the model for additive manufac-
turing and achieve the desired result, the GOM
Inspect 2017 software was utilized. The mod-
el processing involved removing artifacts and

Figure 3. Coronal slice view with visible adhesion on the left side
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Figure 4. Medical imaging data and a segmented 3D model

reducing its volume. The results of this process
are presented in Figure 5.

In the next stage of preparing the model for
surgery, a detailed procedure was conducted
to separate the mandible from the maxilla and
other cranial elements. This operation required
particular precision, especially in the area of the
temporomandibular joint, where the connection
line was carefully divided to minimize interfer-
ence with the patient’s anatomy. Additionally, the
separation of the maxilla and mandible had to be
performed near the teeth, as the tomographic im-
ages revealed overlapping of the upper and lower
dentition due to facial muscle contractions and
the lack of mandibular mobility in the patient.
Executing the separation in this area enabled the
correct division of the two dentitions. The final
model in STL format served as the foundation for

additive manufacturing, with its completed form
shown in Figure 6.

The process of preparing for additive manu-
facturing began with configuring the appropriate
printing parameters using Chitubox versions 1.9.5
and 1.8.0, depending on the specific requirements
of the printer (Table 1). A key step in preparing
the model was to add supports to prevent defor-
mation, stabilize the structure and strengthen pro-
truding parts. In addition, key parameters such as
layer thickness and exposure time were carefully
adjusted to ensure the best print quality. Once the
model was prepared, it was exported in CTB for-
mat and saved to a USB drive, which was inserted
into the printer.

The printer manufacturer’s resin, which did
not require sterilization, was used to print preoper-
ative models, including craniofacial, mandibular

Figure 5. (a) The model after segmentation (b) model after processing
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Figure 6. Final models (a) Maxilla with cranial fragment (b) Mandible

Table 1. Information on additive manufacturing of anatomical models

Model Face - Skull Mandible Maxilla
Material Anycubic basic resin skin Phrozen aqua resin grey 8K Anycubic gzisgl;; resin light
Printer Phrozen sonic mighty 8K Phrozen sonic mighty 4K Phrozen sonic mighty 8K
Layer thickness [mm] 0.05 0.05 0.05
Estimated printing time 13 hrs 37 mins. 7 hrs 31 mins 13 hrs 46 mins.

and maxillofacial models. After printing, the
models were thoroughly cleaned with isopropyl
alcohol, and all supports were removed. The final
step was to cure the prints with ultraviolet light
using Anycubic Wash and Cure Plus to increase
their strength. Table 1 summarizes the highlights
of the prints.

Custom surgical planning

The printed models were handed over to the
doctors, who performed the fitting of the endo-
prosthesis. Using modeling wax, craniofacial
symmetry was achieved, and the endoprosthesis
was then precisely positioned and aligned at the
correct angle. After the fitting process, the entire
assembly — the plate with the endoprosthesis —
was secured to the mandibular model.

To prepare precise surgical templates, it was
necessary to scan the model with the pre-fitted
implants in order to obtain an accurate represen-
tation of the patient’s anatomical details. The Ein-
Scan Pro spatial scanner (manufactured by Shin-
ing 3D) and its dedicated software, ExScan Pro,
were used for this purpose. The model, placed on
a rotary table, rotated during the scanning pro-
cess, capturing all relevant details and creating
an accurate three-dimensional geometry. This 3D
representation was essential for the subsequent
design of customized surgical templates. The de-
sign of the surgical guides and templates began

with aligning the scanned model to the mandibu-
lar model using GOM Inspect software to ensure
a precise fit of the endoprosthesis. Horizontal and
vertical cut lines were marked, and small sections
were removed from the base model of the mandi-
ble. Guide rails were designed to facilitate cutting
in the mandible, measuring 29.5 mm for the verti-
cal line and 27.5 mm for the horizontal line. The
rails were created in Autodesk Inventor 2023 with
a thickness of 3 mm and saved in STL format.
Template bases were designed with 0.2 mm off-
sets to account for manufacturing accuracy. Holes
with a diameter of 2 mm were also added. Both
cutting templates were created, aligned, and final-
ized in Meshmixer 3.5, with smoothing applied.

The final design step involved creating a tem-
plate for positioning the reconstruction plate on
the mandible during surgery. This was done in the
same manner as the cutting guides, with addition-
al holes of 3 mm radius for screw insertion to fix
the plate onto the mandible. The models were then
refined to remove artifacts and ensure smooth sur-
faces. All components were designed to enhance
surgical precision and improve outcomes.

For the intraoperative models (cutting guides
and plate template), the preparation process for ad-
ditive manufacturing was identical to that for the
anatomical models, except that the surgical guides
and template were printed from a biocompatible
disinfection-resistant material to meet medical
standards. Table 2 summarizes the highlights of
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Table 2. Information on additive manufacturing of surgical guides

Model Surgical guides Template for plate
Material NextDent surgical guide NextDent surgical guide
Printer Phrozen sonic mighty 4K Phrozen sonic mighty 8K
Layer thickness [mm] 0.05
Estimated printing time 48 min 3 h 31 min

these prints. The produced models served as both
preoperative and intraoperative aids. The model
covering the entire face and skull primarily acted
as a visual aid. It allowed the doctors to assess
facial asymmetry and closely examine the area
where the fusion occurred. Separate models of the
mandible and maxilla were used to align facial
symmetry, define the area for mandibular resec-
tion, and precisely adjust the implant in the form
of a reconstructive plate with a joint endoprosthe-
sis. They also enabled the pre-planning of surgical
procedures. The guide models and template model
were then taken to the operating room.

RESULTS

Manufacturing results

All models were printed in the additive man-
ufacturing laboratory at the University Clinical
Hospital in Poznan, and each one successfully
met the required accuracy and functionality.

Table 3 presents a summary of the key infor-
mation regarding the produced models, including
the design and additive manufacturing times. It
also includes the mass of the products and con-
cludes with an economic analysis. The economic
analysis of the produced items involved non-com-
mercial cost estimation, considering manufactur-
ing expenses, as well as the time spent on design,
scanning, and post-processing. The time required
to obtain each product was mainly dependent on
the additive manufacturing time.

The entire process is relatively straightfor-
ward, and a person with engineering expertise
should have no problem managing this approach

to design and product manufacturing. The most
challenging task was developing the design meth-
odology to ensure that the models closely repre-
sented the patient’s anatomical structures. Once
this was achieved, the design, additive manufac-
turing, and post-processing became much easier.
However, during the finishing process, patience
and careful handling were required, particularly
when removing support structures, to avoid dam-
aging or breaking printed model fragments. The
final models are shown in Figure 7.

Pre-operative planning and design results

The anatomical models proved to be very
helpful in preoperative planning and significantly
facilitated the design of cutting guides and the
plate template. They allowed doctors to visually
align the patient’s facial symmetry and adjust the
reconstructive plate along with the endoprosthesis.
The results of this process are shown in Figures 8a
and 8b. The doctors were very satisfied with the
proposed methodology, which included, among
other things, dual printing. This allowed them to
plan and simulate the course of the surgery, and it
also made the actual operation easier to perform.
To confirm and evaluate the results, a survey was
developed and distributed to the doctors.

During scanning, not all elements of the model
could be captured, but the most important part —
the plate and its placement on the mandible — was
properly recorded. Figure 8c shows the scanning
result and the isolated plate segment, which was
processed to achieve the best surface quality. The
results of the design of the cutting guides and the
plate template are shown in Figures 8d, 8¢, and 8f.

Table 3. Summary of key information on the produced models

Model Face - skull Mandible Maxilla Surgical guides Template for plate
Mass [g] 283 105 220 5 5
Design time 6 h 2h 2h 2 h 30 min 2h
Printing time 15h 01 min 8 h 01 min 15 h 22 min 50 min 3 h 48 min
Cost [USD] 127.88 45.22 46.68 51.92 42.23
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Figure 7. Final printed models: (a) anatomical models with cutting guides and the template for the reconstruction
plate, (b) anatomical models

Figure 8. (a) Model after symmetry adjustment; (b) model after fitting and attaching the reconstructive plate
with endoprosthesis; (c) obtained mesh after scanning (top) and processed fragment of the reconstructive plate
(bottom); (d) final model of the horizontal cutting guide; (e) final model of the vertical cutting guide; (f) final
model of the template for the reconstructive plate

Clinical validation results

The manufactured models served as preop-
erative and intraoperative aids. The complete
craniofacial model acted as a visual guide, en-
abling physicians to assess facial asymmetry and
analyze the fusion area. Separate mandibular and
maxillary models were used to establish symme-
try, determine the resection area, and fit the im-
plant with the reconstruction plate. These models

also facilitated preliminary surgical planning.
Before surgery, the guides and templates were
sterilized at 134 °C. The templates were used in
the following order: the horizontal cutting tem-
plate, the vertical cutting template, and finally, the
plate template. Each was secured to the bone with
screws to prevent any movement of the templates.
Their effectiveness and functionality were eval-
uated using a survey with 11 questions on a 5-point
Likert scale. To summarize the results obtained:
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e Highly positive feedback from physicians re-
garding the anatomical accuracy of the cranio-
facial structures.

e Models significantly improved visualization
and planning of the procedure.

e High compatibility of the guides and tem-
plates with the patient’s anatomy, validating
the method’s efficacy.

e [ower rating for the horizontal guide due to
the absence of a clear reference point, compli-
cating precise placement.

e Reduced surgery time thanks to preoperative
preparation with the models.

e Positive influence of customized models on
the outcome of the reconstruction, tailored to
the patient’s unique anatomy.

e Lower rating for guide surface quality due
to residual support marks; however, the tem-
plate was highly rated for smoothness and
durability.

The patient quickly regained mandibular mo-
bility and was able to eat independently the fol-
lowing day — a remarkable achievement fulfilling
their long-standing aspiration.

The results of the additive manufacturing
and preoperative planning were overall success-
ful, with the produced models serving as invalu-
able tools for the medical team during the surgi-
cal process. The anatomical models accurately
represented the patient’s craniofacial structures,
providing crucial visual aids that helped doctors
assess facial symmetry and plan the procedure
with greater precision. The dual printing method,
which involved both the full craniofacial model
and specific models for the mandible and maxilla,
facilitated a deeper understanding of the patient’s
anatomy, which translated into more effective
planning and execution of the surgery.

The time required for designing and printing
the models, while varied, was largely influenced
by the complexity of the anatomical features and
the time required for additive manufacturing. The
preoperative planning results were validated by
the surgeons, who reported high satisfaction with
the models’ accuracy and the way they helped to
visualize the procedure. This methodology sig-
nificantly reduced surgery time and allowed for a
more streamlined operation, which was also con-
firmed by the positive feedback from the medi-
cal professionals who completed the survey. In
terms of clinical validation, the models proved to
be highly effective both as preoperative aids and
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intraoperative guides. The surgical guides and the
implant template were carefully tested during the
surgery and showed excellent compatibility with
the patient’s anatomy. The guides fit securely into
place, while the template for the reconstruction
plate proved highly effective in positioning the
implant accurately on the mandible. The steriliza-
tion of the guides and templates further enhanced
their practicality in a surgical setting, ensuring
they met the necessary medical standards for use
in operating rooms.

While some challenges were faced, such as
surface deformations on the surgical guides due
to the support structures, the results were still
deemed highly satisfactory by the medical team.
These challenges were addressed by refining the
design and printing processes, with future recom-
mendations suggesting improvements in support
structure optimization and guide base thickness.
Additionally, the fine details of the model pro-
duced by the Phrozen Sonic Mighty 8K printer
were crucial for capturing small anatomical fea-
tures, which improved the surgical precision.

Combination of engineering expertise with
medical knowledge has shown the great potential
of 3D printed models in improving surgical out-
comes, particularly in the field of maxillofacial
surgery. The results highlight the significant role
of modern medical imaging and additive manu-
facturing in facilitating more efficient surgeries
and improving patient recovery. Despite some
minor setbacks related to surface quality and
support structure issues, the methodology used
proved to be highly effective, with excellent feed-
back from the physicians. This demonstrates that
3D printed models are becoming an indispensable
tool in preoperative planning and intraoperative
procedures, ultimately enhancing the quality of
care provided to patients.

CONCLUSIONS

In conclusion, the produced anatomical mod-
els and surgical guides significantly improved
preoperative planning and intraoperative proce-
dures in maxillofacial surgery. These models pro-
vided high anatomical accuracy, allowing for the
simulation of the procedure, which contributed to
better preparation for the surgeons and a deeper
understanding of the patient’s anatomy. De-
spite minor challenges related to surface quality
and support structures, the overall methodology
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proved to be effective, with positive feedback
from the medical team. The use of dual print-
ing and reverse engineering techniques proved
to be innovative and positively impacted the
management of complex patient cases in maxil-
lofacial surgery. This process could be perma-
nently implemented in hospitals to facilitate the
execution of such procedures in the future. The
application of additive manufacturing in medical
settings demonstrated its potential for reducing
surgery time, improving outcomes, and support-
ing personalized patient treatment, highlighting
the growing importance of these technologies in
modern surgical practices.
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