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A B S T R A C T

Background: Managing segmental mandibular defects remains challenging, requiring a multidisciplinary
approach despite the remarkable progress in mandibular reconstruction plates, finite element methods,
computer-aided design and manufacturing techniques, and novel surgical procedures. Complex surgeries
require a comprehensive approach, as using only reconstruction plates or tissue scaffolds may not be adequate
for optimal results. The limitations of the treatment options should be investigated towards a patient-specific
trend to provide shorter surgery time, better healing, and lower costs. Integrated hybrid scaffold systems are
promising in improving mechanical properties and facilitating healing. By combining different materials and
structures, hybrid scaffolds can provide enhanced support and stability to the tissue regeneration process,
leading to better patient outcomes. The use of such systems represents a significant advancement in tissue
engineering and a wide range of medical procedures.
Materials and Methods: A head and neck computed tomography (CT) data of a patient with odontogenic
myxoma was used for creating a three-dimensional (3D) mandible model. Virtual osteotomies were performed
to create a segmental defect model, including the angulus mandibulae region. The first mandibular recon-
struction plate was designed. Finite elemental analyses (FEA) and topology optimizations were performed to
create two different reconstruction plates for different treatment scenarios. The FEA were performed for the
resulting two plates to assess their biomechanical performance. To provide osteoconductive and osteoinductive
properties a scaffold was designed using the defect area. A biomimetic Tricalcium phosphate-Polycaprolactone
(TCP-PCL) hybrid bone scaffold enhanced with Hyaluronic acid dipping was manufactured.
Results: The results of the in-silico analysis indicate that the designed reconstruction plates possess robust
biomechanical performance and demonstrate remarkable stability under the most rigorous masticatory activ-
ities. Using the Voronoi pattern decreased the mass by %37 without losing endurance. Using reconstruction
plates and hybrid scaffolds exhibits promising potential for clinical applications, subject to further in vivo and
clinical studies.
1. Introduction

The management of trauma and cancer-related tissue or organ
losses remains a significant challenge from both health and economic
standpoints [1–4]. Reconstructing lost tissues, particularly critical-size
and load-bearing craniofacial defects, poses a complex and multidis-
ciplinary challenge. Segmental mandibular defects, given the intricate
nature of the mandible’s anatomy, present a particularly problem-
atic scenario. Presently, the management of such defects involves the
transplantation of tissues, medical implants, or a combination of both
[5–7].
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This study introduces a novel hybrid scaffold system that combines
a patient-specific reconstruction plate with a patient-specific scaffold to
address the challenges in tissue engineering. The primary objective of
this system is to enhance tissue regeneration by leveraging the benefits
of both components. Despite advancements in regenerative medicine
and the use of reconstruction plates, challenges such as limited donor
supply, defect size, compromised healing, and complex anatomy persist
[8–11]. The standard treatment for critical-size segmental defects is
the free-flap procedure, which, however, has its own drawbacks, such
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as morbidity and the need for additional surgeries. In these surgeries,
reconstruction plates are used to fixate mandibular segments and grafts.

The use of titanium, particularly the Ti6Al4V alloy, has revolu-
tionized reconstruction due to its corrosion resistance and biocom-
patibility [12,13]. However, its higher elasticity modulus can lead to
stress shielding [14–16]. Newer alloys like Ti6Al7Nb offer comparable
biocompatibility but are more expensive, resulting in the continued
widespread use of Ti6Al4V [13,17,17–21]. In this study, Ti6Al4V is
used for designing reconstruction plates.

Reconstruction plate designs have evolved from non-rigid wiring to
standard, non-locking, and locking plates, with the advent of patient-
specific implants made possible through additive manufacturing [22–
25]. However, complications still occur, particularly with mandibular
discontinuity defects containing the ramus region, which have higher
failure rates [26]. This study uses a segmental mandibular defect cov-
ering the ramus and angulus regions to simulate a challenging clinical
scenario.

In practice, plate bending can lead to uneven stress distribution and
fractures, while screw loosening is dependent on factors such as bone
quality and stress [14,14,26–29]. Patient-specific implants can help
address plate fractures, and finite element analysis (FEA) can optimize
plate topology [30–32]. Detailed biomechanical analyses are essential
to simulate real-world scenarios [33–36]. While reconstruction plates
can stabilize mandible segments, they do not ensure bone healing,
thus necessitating scaffolds with osteoinductive and osteoconductive
properties.

The concept of biomimetic tissue scaffolds has been explored since
the 1990s, with the idea evolving alongside additive manufacturing
techniques [10,37,38]. Scaffolds can serve as alternatives to free flaps
when additional surgeries are not feasible, offering personalized so-
lutions [39–43]. Natural scaffolds provide biocompatibility but lack
mechanical strength, while synthetic scaffolds offer superior mechan-
ical properties but lower biocompatibility [42–47]. Hybrid scaffolds
combining the advantages of both have emerged, mimicking the com-
position of native bone [44–46,48–52].

The use of hybrid scaffold systems, which combine reconstruc-
tion plates and scaffolds, has the potential to reduce surgery time
and improve healing. This study introduces a hybrid scaffold system
that combines patient-specific reconstruction plates with a tricalcium
phosphate-polycaprolactone (TCP-PCL) scaffold, tailored to maximize
effectiveness and healing. The TCP-PCL scaffold was designed to mimic
the native mandible defect site and was optimized for vascularization
and bone formation, utilizing a commercially available bioprinter.
Furthermore, advanced plates were designed for different requirements,
including a hollowed plate for screening applications and a Voronoi
plate for load-bearing purposes. The Voronoi pattern, utilized for the
first time in this study, reduced the plate’s mass while maintaining
its strength. Static structural analyses demonstrated that all designed
plates were capable of withstanding masticatory forces.

2. Materials and methods

2.1. Retrieving medical images and segmentation

A head and neck CT scan of a male patient with odontogenic
myxoma, a locally aggressive and benign neoplasm, was used to seg-
ment the mandible. DICOM (Digital Imaging and Communications
in Medicine) was imported to the Materialise Mimics 25.0®(Mimics,
Materialise Co., Leuven, Belgium). Cortical and trabecular bone re-
gions were segmented separately, with suitable Hounsfield unit (HU)
values benefiting the literature and the software (Boolean operation),
specifically for this case, since there are no exact values that are valid
universally [53–55]. Two models were segmented for FEA.

The first is a basic model that assumes that the entire mandible
consists of cortical bone for the first analysis. The second model sep-
arately reflects the cortical and trabecular bones. The ‘‘Finite Element
Analysis and Topology Optimization’’ section will elucidate the under-
lying reasoning for adopting this approach. The segmented models were
exported in STL (Standard Tessellation Language) format.
2 
Fig. 1. Some of the anatomical landmarks on the original model used in the
mirroring process(a), newly formed border benefiting the line followed through the
posterior border of the mandibular ramus mandibulae, angulus mandibulae, and basis
mandibulae(b).

2.2. Model design

The STL files were imported into Materialise 3-Matic 17.0® (3-
Matic, Materialise Co., Leuven, Belgium) to perform virtual osteotomies
and design reconstruction plates. A virtual segmental resection was
applied to remove the defect area. Subsequently, a mirroring opera-
tion was performed, taking into account anatomical and craniometric
landmarks such as fovea pterygoidea, condylion laterale, condylion
mediale, spina mentalis, and protuberantia mentalis to ensure the ac-
curacy of the new model’s location in the spatial plane. Also, mirroring
was checked with an outer line that followed the posterior border
of the ramus mandibulae, angulus mandibulae, and basis mandibulae
to ensure that the continuity of the bone was protected in the new
design. This approach provided increased precision and aesthetics.
Figs. 1 and 2 depict the original mandible and the mirrored model with
used anatomical landmarks and referential entities. Table 1 shows the
definition of reference entities.
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Fig. 2. Anatomical landmarks and referential entities on the original model used in the mirroring process. Conylion regions, fovea pterygoidea, protuberentia mentalis (a); Spina
mentalis regions and condylion regions(b).
Fig. 3. The first plate design for topology optimization and light-weighting(a), the first model for FEA (b).
Table 1
The definition of referential entities.

Referential entities Definition

L𝐶 𝑀−𝐶 𝑀 The distance between right and left condylion mediale
L𝐹 𝑃−𝐹 𝑃 The distance between right and left fovea pterygoidea
L𝐶 𝐿−𝐶 𝐿 The distance between right and left condylion laterale
L𝑃 𝑀−𝐹 𝑃 The distance between protuberentia mentalis and fovea pterygoidea
L𝑆 𝑀 𝑆−𝐶 𝑀 The distance between spina mentalis superiore and condylion mediale
L𝑆 𝑀 𝐼−𝐶 𝐿 The distance between spina mentalis inferiore and condylion laterale
CL𝑆 𝑀 𝑆−𝑆 𝑀 𝐼 Connecting line between spina mentalis superiore and spina mentalis inferiore
On the mirrored model, a related region was selected considering
the roots of the remaining teeth and Champhy’s stress lines to provide
stable fixation and decrease the chances of the stress shielding effect.
The data on the efficiency of following stress lines in segmental de-
fects is limited since it was a technique developed for reconstructing
fracture cases. However, the idea behind the technique is to use biome-
chanically favorable parts of the bone in which less stability would
be sufficient [56,57]. Selected area was then offset, and screw holes
were added. Medical publications have no agreement on the perfect
thickness of mandibular reconstruction plates or the screw diameters.
However, the literature indicates that many surgeons prefer to use
2–2.5 mm thick reconstruction plates for internal rigid fixation [58].
Below 2 mm was correlated with an increased fracture rate [16]. For
this study, a 2.5 mm thick plate was used. On the lingual side, the
plate border was placed below the mylohyoid line to allow the plate
to hold the scaffold without obstructing muscle reconstruction during
surgery. Plate borders were elongated medially and distally to minimize
the stress shielding effect. Fixation screws with a diameter of 2.8 mm
and lengths of 7.5 and 10 mm were designed for use considering the
size of the defect. Since the plate follows the mandible borders, no gaps
3 
exist between the plate and the bone, which is beneficial for stability.
The first reconstruction plate and the defect model were then exported.
Fig. 3 illustrates the defect model and first reconstruction plate design
that will be used for topology optimization.

2.3. Optimization of the geometry

The first reconstruction plate and the defect model were imported
to ANSYS (ANSYS Inc., USA) to perform static structural analysis (FEA).
The choice of material for plates was Ti6Al4V, and for screws was
titanium. The behavior of the plate was more important at this step.
Therefore, the first model consists of cortical bone for ease of study.
The material properties were provided from various literature, shown
in Table 2 [33,34,59,60]. There are six main masticatory tasks used
to assess the biomechanical performance of the maxillofacial recon-
struction plates. Previous literature expresses that two tasks caused
prominent stress levels in the angulus mandibulae region. Constrained
right molars and constrained left molars [33–35,61]. Therefore, for the
ease of the study, only these tasks were used for FEA. Tie-constraint
screws were used to avoid relative motions between the screw-bone
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Table 2
Material properties used in the FEA Analysis.

Elastic modulus (GPa) Poisson’s ratio Yield strength (MPa) Young’s modulus

Ti-6Al-4V 115 0.323 107 115
Cortical Bone 12 0.3 88 96.2
Trabecular Bone 1–2 0.3 3.9 96.2
Titanium Screws 110 0.3 850 116
Table 3
The muscle forces performing clenching tasks. Raw data was acquired from the literature [61]. Muscular forces: SM-superficial masseter, DM-deep masseter, MP-medial pterygoid,
ILP-inferior lateral pterygoid, AT-anterior temporalis, MT-middle temporalis, PT-posterior temporalis.

Clenching tasks Side Direction Muscular force Constraint

SM DM MP AT MT PT ILP

Right Unilateral Molar Clench Right Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1 Constrained right molars
Fx −28.4 −32.1 71.4 −17.2 −14.0 −9.3 12.6
Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2

Left Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5
Fx 23.6 26.7 −51.0 13.7 14.2 6.1 −27.4
Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

Left Unilateral Molar Clench Right Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5

Constrained left molars

Fx −23.6 −26.7 51.0 −13.7 −14.2 −6.1 27.4
Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

Left Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1
Fx 28.4 32.1 −71.4 17.2 14.0 9.3 −12.6
Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2
and screw-plate surfaces and provide more detailed information on
stresses on the plate [61–65]. The muscle forces during the masticatory
tasks are provided in Table 3. The boundary conditions illustrated
in Fig. 4 were adjusted according to the previous literature and the
patient anatomy [33–35,61]. The governing equation used for FEA is
provided below. It represents the governing equation for a damped
harmonic oscillator, which is often used in finite element analysis (FEA)
for dynamic systems. In this study, FEA was performed under static
conditions; hence, the acceleration and velocity values were considered
zero.

𝐹 = 𝑚 ̈𝑥 + 𝑐 ̇𝑥 + 𝑘𝑥

• 𝐹 = External force applied to the system
• 𝑚 = Mass of the system
• 𝑥̈ = Acceleration
• 𝑐 = Damping coefficient
• 𝑥̇ = Velocity
• 𝑘 = Stiffness of the system
• 𝑥 = Displacement

Since the FEA was performed for static conditions;

• 𝑥̈ = 0 and 𝑥̇ = 0

𝐹 = 𝑘𝑥

The results of the first analysis, shown in Figs. 6, 7 and Support
Data, illustrate the areas with the most stress. There were no areas with
a force that exceeded the maximum strength levels of the material.
This result was expected since the reconstruction plates used in real
cases have much less volume. However, the first design aimed to
find the maximum stress areas and perform topology optimization and
light-weighting.

2.4. Finite elemental analysis and topology optimization

Upon analysis of the results, the areas of highest stress in the
reconstruction plate were identified through a finite element analysis
4 
Fig. 4. Boundary conditions, segmented trabecular, and cortical bone are shown on
the hollowed model.

(FEA) of extreme human clenching forces on the angulus mandibulae
region. This allowed for the creation of two distinct designs aimed at
addressing different clinical needs.

The first design involved modifying the plate to create a hollow
structure, which improved the visibility of the defect area while re-
taining its capacity to support a scaffold. This hollowed configuration
introduced new borders around high-stress zones, with a 2.5 × 2.5 mm
diameter line tracing the outer layer. The central section was inten-
tionally left open to facilitate cancer recurrence screening following
surgical intervention.

For the second design, Voronoi tessellation was utilized to con-
struct a lightweight structure. Voronoi diagrams, a dual formulation
of triangulations, have been widely used in various optimization and
design tasks due to their inherent properties of space partitioning in
the previous literature [66,67]. It has been used on cranial implants
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due to its customizable nature and anisotropic properties [68–70]. The
present study follows a similar but improved approach.

The Voronoi structure was optimized by strategically positioning
attractor points in areas of high stress detected in the finite element
analysis (FEA) to increase material density, while fewer points were
placed in low-stress areas to reduce material usage. The centers of
attraction, which define the points for Voronoi tessellation, were ob-
jectively determined based on the stress patterns revealed by the FEA.
High-stress regions, identified through simulation, served as the pri-
mary locations for these attractor points, ensuring enhanced support
and stability where it was most needed.

This method resulted in a lightweight design that did not compro-
mise the load-bearing capacity of the reconstruction plate. The Voronoi
pattern facilitated a more efficient distribution of material, enhanc-
ing the mechanical properties of the plate, such as stiffness, energy
absorption, and fracture resistance under complex loading conditions,
as confirmed in previous literature [68,71]. Voronoi tessellation was
employed to optimize material distribution. The diameter of the cells
was chosen considering both mechanical requirements and the print-
ability of the reconstruction plate. Fig. 5 illustrates the algorithm
used in the designing of the Voronoi plate. The algorithm utilized the
data provided by the finite element analysis (FEA) to determine the
optimal distribution of attractor points. Based on the FEA results, which
highlighted areas of high and low stress, the algorithm adjusted the
number of attractor points required in each region. In high-stress areas,
the algorithm placed more attractor points to create a denser Voronoi
pattern, enhancing structural support. Conversely, in low-stress areas,
it reduced the number of points, resulting in larger cells and a more
lightweight structure. This method allowed for an efficient distribution
of material, ensuring strength where needed while minimizing unneces-
sary mass. This approach allows the design to be customized according
to the specific anatomical needs of the patient.

The irregular cellular structure created by the Voronoi pattern
helped achieve a more uniform stress distribution across the plate,
reducing localized stress concentrations. This design strategy was used
to enhance the mechanical performance of the plate, leading to po-
tential improvements in stiffness, energy absorption, and the ability to
handle complex, multi-directional forces. The arrangement of Voronoi
cells, guided by attractor points, was specifically tailored to ensure the
structure remained stable and mechanically strong while minimizing
the overall mass of the plate.

By utilizing Voronoi tessellation on topology optimization, this
method aimed to balance material efficiency and mechanical perfor-
mance, reinforcing load-bearing regions and reducing material where
it was not structurally necessary.

The latest models of reconstruction plates were subsequently im-
ported into ANSYS (ANSYS Inc., USA) along with a more detailed
mandible model that segmented separated cortical and trabecular bone
for thorough scrutiny of the ultimate design performance. The latter
analyses showed that both designs could withstand the masticatory
forces.

2.5. Designing and manufacturing the scaffold

In this study, a 0/90 porous hybrid scaffold was specifically de-
signed for the defect site. An open-source slicing software was used for
slicing. (Ultimaker CURA 4.6.1) Fig. 14 illustrates the design. The cho-
sen materials were a commercially available blend of Tricalcium phos-
phate (TCP) and Polycaprolactone (PCL), which were further strength-
ened with an Hyaluronic acid dip coating (Bioscaffold Bloocell®).
Tricalcium phosphate was selected as the inorganic matrix due to its os-
teoconductive properties, while Polycaprolactone is a well-established
and approved material for various biomedical applications [72,73].
Extensive research has been conducted on combining these materials
with PCL-TCP scaffolds, proving to be more efficient than using them
5 
Fig. 5. The algorithms used to determine the cell dimension and plate thickness when
performing topology optimization using the Voronoi pattern.

individually [74]. The scaffolds demonstrate remarkable biocompati-
bility, which is manifested in favorable rates of cellular proliferation
and adhesion [72]. Additionally, their biodegradability makes them
ideal for controlled drug delivery applications, as demonstrated in
previous literature [74–76]. The potential to load anti-cancer drugs
onto these scaffolds to prevent recurrent cancers makes this material
combination clinically significant [75]. It is also worth noting that
hyaluronic acid plays a significant part in promoting the scaffold’s
mechanical properties, osteogenic effects, and degradation control [77–
80]. The scaffold material used in this study has shown promising
outcomes in clinical cases in maxillofacial and orthopedic surgery,
including long bone fractures and guided bone regeneration [81,82].
A commercially available 3D bioprinter (Bloocell®) was used to print
the scaffold. Fig. 15 depicts the printed scaffold. The diameter of the
nozzle was tuned to 2 mm while adjusting the pore size to 400 μm to
attain a pore size that is satisfactory for vascularization and mineral de-
position while ensuring that the mechanical strength and cell viability
are not compromised [83–85]. Following the printing and Hyaluronic
acid dipping processes, the scaffold was subjected to an examination
under a 40X zoom microscope. (Fig. 16) The visual representation
in Fig. 17 showcases the integrated defect reconstruction plate and
scaffold. The flowchart given below depicts an overall view of the entire
process.(Fig. 18)

3. Results and discussion

This study investigated the management of segmental mandibular
defects from a broad perspective. We designed patient-specific recon-
struction plates to improve the reconstruction process and refined
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Fig. 6. Results of the first FEA with constrained right molars (a, b). Details of the analysis can be found in the Support Data.
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Fig. 7. Results of the first FEA with constrained left molars (c, d) Details of the analysis can be found in the Support Data.
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Fig. 8. The image shows the new reconstruction plate designs after topology optimization and light-weighting. (a)Voronoi Plate (b)Hollowed Plate.
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Fig. 9. Result of the static structural analysis of hollowed design with left molar constraint (a, b). Details of the analysis can be found in Support Data.
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Fig. 10. Result of the static structural analysis of hollowed design with right molar constraint (c, d). Details of the analysis can be found in Support Data.
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Fig. 11. Result of the static structural analysis of Voronoi plate with left molar constraint (a, b).
them through finite elemental analyses. The static structural analysis
showed that during clenching of the left molars, the area of highest
stress was located on the lingual side within the hollow design, while
the titanium screw positioned at the condylar region experienced the
greatest amount of stress, despite being far from the defect. Similarly,
clenching with the right molars resulted in the base region of the
mandible experiencing the highest stress. It should be noted that the
maximum stress did not exceed the material’s limits, indicating its
potential for clinical application (Figs. 9, 10, Support Data). Overall, the
analysis provides valuable insights into the stress distribution during
molar clenching and the potential implications for implant design and
placement.

The Voronoi tessellated plate demonstrated a notably homogeneous
stress distribution, with maximum stress values remaining well within
the material’s capacity during both clenching tasks. The titanium
11 
screws exhibited outcomes that were comparable to those of the hol-
lowed plate. These findings suggest that the Voronoi plate may be a
viable option for withstanding diverse clinical scenarios. Figs. 11 and
12, and Support data show the analysis results.

Our research findings suggest that the Voronoi tessellation method
has the potential to be an effective tool in designing anisotropic
mandibular reconstruction plates. It is worth noting that there is no
standard value for the mass of the human mandible, and previous
studies have reported a range of 90.85 g ±16.08 for wet mandible
mass [86]. By applying this range, we calculated the mass of our
defect to be 20.3 g ±3.6. Initially, our reconstruction plate weighed
32.19 g, but after implementing topology optimization and light-
weighting techniques, the Voronoi design weighed 20.21 g, and the
hollowed design weighed 14.37 g. These results demonstrate that the
Voronoi and hollowed designs provided a mass loss of % 37 and %
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Fig. 12. Result of the static structural analysis of Voronoi plate with right molar constraint (c, d) Details of the analysis can be found in Support Data.
Fig. 13. The chart compares the weights of the native mandible and designed scaffolds.

55.34, respectively, approaching the weight of the original mandible(

Table 4, Fig. 13) (see Fig. 8).
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Table 4
The weights of the native mandible and designed reconstruction plates.

Weight (grams) Lightweighting (%)

First Designed Plate 32,1893556 x
Wet Human Mandible 20,3 x
Voronoi Plate 20,210304 37,2143254
Hollow Plate 14,3742504 55,3447091

To enhance the quality of future research, we need further studies
to develop more advanced study models that accurately reflect the
complex three-dimensional structure of the mandible and consider bio-
logical factors. We also need to conduct additional mechanical testing
of the plates because current testing systems have limitations. These
limitations include simplified test setups, lack of standardization, and
an inability to fully capture the intricacies of the mandible’s biome-
chanics. Therefore, it is essential to develop more sophisticated testing
methods to overcome these limitations and provide more accurate and
reliable results [16,30,56,87].

In this study, we used a TCP-PCL hybrid scaffold, augmented with
Hyaluronic acid dipping, to improve the healing process by leveraging
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Fig. 14. Design process of the scaffold.
Fig. 15. Printed scaffold with support structure (a), after removing the support structure(b).
both organic and inorganic components. This approach holds signifi-
cant promise for promoting tissue regeneration and improving patient
outcomes. The scaffold has previously been used in clinical studies
and performed well [81,82]. We have designed the scaffold to be
used in segmental defects for the first time. Therefore, further animal
experiments and clinical studies should be performed.

To manage the bone regeneration issue, it is crucial to conduct
material selection and characterization and in-vitro studies of scaffolds.
This is because none of the currently developed graft or scaffold systems
have been able to fully replicate native bone tissue. Additionally,
several areas require improvement, such as the formation of complex-
structured scaffolds, duration of cell viability, efficacy of cell seeding,
poor mechanical properties, biocompatibility issues, design challenges,
and pore sizes and shapes [87–91].

Before the clinical implementation of our plate designs and hybrid
scaffold system, it is essential to conduct animal studies after in-vitro
testing to evaluate the overall efficacy of the components.

Modulating the pore size in accordance with the specific region
could potentially imbue the scaffold with a biomimetic quality. Within
the range of 200-900 μm, larger pore sizes have been observed to exhibit
a positive correlation with increased calcification and vascularization,
thereby targeting the cortical bone region, while smaller pore sizes
micrometers are more suitable for the trabecular bone region [92,93].

As such, it is worth noting that despite the significant progress
made in tissue engineering, free tissue flaps continue to be regarded
as the gold standard for managing large segmental defects. Recently,
bioprinting bioactive scaffolds has emerged as a promising strategy for
addressing this issue. However, it is important to acknowledge that
managing critical-size bone defects is a complex challenge, and as such,
future solutions will likely require a multidisciplinary approach.
13 
4. Conclusion

The present study delineates a comprehensive approach to man-
aging segmental defects by utilizing novel mirroring parameters hith-
erto unused in virtual mandibular reconstruction. The said parameters
might be beneficial exerting a favorable influence on anatomical and
craniometric landmarks, thereby enhancing the precision and accuracy
of the reconstruction process. The mandibular structure was carefully
segmented, with trabecular and cortical bone separately, to allow for
more precise simulation of clenching tasks and to enable a more defined
stress distribution.

Two different clinical scenarios were considered in this study, and
optimization was achieved for both scenarios through the design of two
distinct plates: the hallowed plate, which is employed for long-term
screening of recurrent cancer cases, and the Voronoi plate, which is
intended for heavier load tasks when reconstruction with an autolo-
gous graft is not available. The hallowed plate can be removed after
healing and is less burdensome than the original defect, so it could
be used in combination with an autologous graft or a hybrid scaffold
without causing any additional weight on the affected surgical area.
The Voronoi plate is tailored to integrate with the bone and serve as
a long-term solution. Its weight is comparable to the original defect,
thereby minimizing any excessive weight on the surgical area.

Furthermore, the study involved the development of a hybrid TCP-
PCL scaffold that was enhanced with Hyaluronic acid dipping to facil-
itate better healing. The scaffold was engineered to possess a tailored
pore size that would enable suitable vascularization and bone forma-
tion. Before proceeding to the next stages, mechanical tests should be
performed. In-vivo and animal studies should be conducted, followed
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Fig. 16. The TCP-PCL scaffold inspected under the 40x zoom microscope. Before (a,b), and after(c) Hyaluronic Acid dipping.

Fig. 17. The integrated image of the defect, Voronoi Plate, and the scaffold. The plate and the scaffold mimic the native tissue.
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Fig. 18. A flowchart depicts the entire design process of the novel hybrid scaffold system.
by clinical studies that would help assess the performance of the
reconstruction plates and the hybrid scaffold.
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