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Objective: This study aimed to develop patient-specific biodegradable mandibular implants composed of poly-
caprolactone (PCL) reinforced with 30 wt% p-tricalcium phosphate (f-TCP) using fused deposition modeling
(FDM), and to evaluate how gradient lattice structural designs influence early postoperative mechanical stability
and degradation behavior in critical-sized mandibular defects, thereby establishing practical design criteria for
reliable reconstruction.

Methods: Gradient lattice architectures were designed by finite element-based topology optimization, assigning
dense lattices (P06, ~1000 pm pores) to high-stress regions and larger pores (P08, ~1500 pm) to low-stress
zones. Two implant spans were investigated: RI-2, with an arc length approximately twice the average bone
width, and RI-3, with an arc length about three times the bone width. Mechanical properties were characterized
by tensile and four-point bending tests, and a dual-mode platform applied hydrolytic degradation and cyclic
loading (20-200 N, 1 Hz) to replicate early postoperative oral conditions.

Results: The PCL/B-TCP composite showed an elastic modulus of 450 + 20 MPa and cell viability of average
84.5 %. Four-point bending revealed that the RI-2 design achieved a proof load of 83.8 + 5.3 N and bending
strength of 1466 + 92 N-mm, 2.35-fold higher than RI-3. Under dual hydrolysis-loading, all RI-2 implants
maintained structural integrity for one month, whereas RI-3 failed after 14.4 + 1.2 days. Micro-CT confirmed
greater dimensional stability of P06 versus P08 lattices.

Significance: This work demonstrates that high-content PCL/B-TCP composites can be reliably 3D printed into
stress-adaptive mandibular implants, and establishes quantitative design thresholds for balancing early me-
chanical support with degradation in oral and maxillofacial reconstruction.

1. Introduction mandibular implants have been developed by integrating medical

image processing, computer-aided design (CAD), and metal 3D printing,

Segmental mandibular continuous defects exceeding the critical size
are commonly resulting from trauma, tumors, or osteoradionecrosis.
Fibula-free flap surgery (FFS) used with a traditional reconstruction
plate is the gold surgical standard approach for reconstruction due to the
large bone defect's inability to heal naturally [1-5]. However, this
approach is associated with several challenges, such as prolonged
operative time, extended recovery periods, and restricted restoration of
anatomical morphology and function. Recently, patient-specific

aiming to improve both aesthetic outcomes and biomechanical perfor-
mance [6-8]. These implants effectively support the mandibular struc-
ture and maintain facial appearance, speech, and masticatory function.
Nevertheless, permanent placement of metal implants can lead to
complications such as stress shielding, corrosion, wear, infection, and
difficulty in removal, which may adversely affect long-term clinical
outcomes and overall patient quality of life [9-11].

Developing patient-specific biodegradable 3D-printed
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reconstruction implants (RIs) with structural integrity and the ability to
promote bone regeneration has become an important strategy for
treating critical bone defects in the mandible [12-16]. However, the
mechanical strength of biodegradable RIs is significantly inferior to that
of metal materials. The initial stabilization period for bone defect
reconstruction lasts approximately 4-6 weeks after surgery, during
which bone osseointegration is not yet complete. During this period, the
RIs fixed to the mandible must independently withstand the combined
challenges of muscle traction, local tension, and the hydrolytic envi-
ronment [7-11]. Micro-motion, cracks or fractures, and failure of bone
osseointegration can severely compromise the stable support of external
forces necessary for successful reconstruction. These issues often result
from improper design or mismatched degradation kinetics of the
biodegradable scaffold [17]. However, there is currently a lack of
standardized guidelines regarding the design principles, structural me-
chanical stability, and early degradation mechanisms of 3D-printed
biodegradable Rls for critical mandibular bone defects.

Compared to polylactic acid (PLA), the biodegradable polymer pol-
ycaprolactone (PCL) produces fewer acidic degradation byproducts,
making it more favorable for bone cell regeneration [18-21]. However,
PCL exhibits relatively low mechanical strength and high ductility,
which limits its application in load-bearing scenarios. Many studies have
demonstrated that incorporating p-tricalcium phosphate (B-TCP)
significantly enhances the initial mechanical strength and osteo-
conductive properties of PCL, thereby making it more suitable for
short-term or early-stage load-bearing scaffolds [19,22]. PCL/B-TCP
composite filaments can also be processed using fused deposition
modeling (FDM), an additive manufacturing technique that extrudes
thermoplastic polymers in a controlled layer-by-layer manner to build
complex structures [19,22]. FDM is particularly compatible with
biodegradable materials such as PCL and PCL/B-TCP composites,
allowing precise control over porosity, lattice geometry, and material
distribution—factors that are critical for balancing mechanical stability
with effective bone regeneration. These capabilities make FDM espe-
cially advantageous for fabricating customized biodegradable recon-
struction implants tailored to the anatomical and functional
requirements of segmental mandibular defects. However, 3D-printed
solid reconstruction implants do not provide sufficient internal space
to promote bone cell growth and angiogenesis. Creating a suitable lattice
structure as the scaffold is important to provide places for cells to attach
and pathways that help cells move in and build new bone [17]. The
lattice size and pattern must balance structural stability and biodegra-
dation control, especially during the early postoperative period (e.g.,
within the first month after surgery). Achieving a dynamic balance be-
tween mechanical support, hydrolysis rate, and regenerative guidance is
crucial.

Although PCL+ B-TCP biodegradable materials have not yet been
applied to load-bearing Rls, effective clinical application potential can
be realized through lattice microstructure design optimization and
postoperative load management [17,19]. To balance the mechanical
stability in the early postoperative period with the material degradation
rate, this study combines image processing, finite element (FE) analysis,
and structural topology optimization. Patient-specific 3D-printed RIs
with different critical size are performed for structural stress analysis
under worst-case load conditions. A gradient lattice configuration is
implemented, using small units and high-density lattices in high-stress
areas to enhance local support and large-pore, low-density lattices in
low-stress areas based on the stress distribution results. After printing
fabrication, four-point bending tests were conducted to understand
fundamental mechanical strength for RIs with different critical-size.
Simultaneously, mechanical behavior observations of the implant
under muscle traction and aqueous degradation were simulated on a
phosphate-buffered saline (PBS) solution load platform with thermal
environment.

Accordingly, patient-specific biodegradable implants composed of
PCL reinforced with B-TCP were developed using FDM for the
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reconstruction of critical-sized mandibular defects. A gradient lattice
design strategy was incorporated to systematically examine how lattice
distribution and defect size affect early postoperative mechanical sta-
bility and the material’s degradation thresholds. Through this combined
evaluation, the study sought to establish quantitative design criteria that
balance structural support with controlled biodegradation for reliable RI
of mandibular critical-sized defects.

2. Materials and methods

Fig. 1 illustrates the workflow of this study. The process begins with
the synthesis of PCL and $-TCP composite materials, followed by fila-
ment extrusion and the development of FDM 3D printing techniques.
After material property evaluation, different RI models with topology-
optimized lattice designs are fabricated. Mechanical testing was per-
formed to understand their bending strength. A dual loading platform is
employed to simultaneously simulate hydrolytic conditions and post-
operative dynamic loading based on a standard degradation curve,
allowing comprehensive assessment of the early-stage stability and
degradation behavior of each design, which serves as a foundation for in
vivo animal studies in the future.

2.1. Synthesis and composition analysis of PCL+ p-TCP materials

PCL (Ingevity UK Ltd, Warrington, UK) and p-TCP (Tokyo Chemical
Industry Co., Ltd, Tokyo, Japan) were used to prepare composite fila-
ments as biomedical materials for FDM 3D printing. The materials were
mixed at a weight ratio of 7:3, and 450 mL of ethyl acetate (Cheng Yi
Chemical Co., Ltd., Taipei, Taiwan) was added as a solvent to facilitate
uniform blending. The mixture was treated with an ultrasonic oscillator
(RBS FTD20, KUDOS, Shanghai, China) for 32 h (400 W, 40 kHz) to
ensure thorough dispersion of the powder. It was then poured onto a
glass plate and left in a fume hood for 8 h to allow complete evaporation
of the solvent, followed by drying in an oven at 30°C for another 8 h.
After drying, the material was cut into 5 mm square pieces using a knife
and ground into powder using a grinder, resulting in an average particle
size of less than 500 ym. The powder was further sieved to ensure
consistency in particle size if necessary (Fig. 2(a)).

The resulting powder was fed into a filament extrusion machine
(Filament Maker One, 3Devo Inc., Utrecht, Netherlands) for wire
extrusion. The extrusion zone temperatures were set as follows: 75°C at
the feed zone, 80°C in the middle heating zone, and 65°C at both the
outlet zone and the nozzle end. The screw speed was maintained at
2.2 rpm to prevent material collapse before solidification. The side roller
speed was adjusted to maintain a consistent filament diameter of 2.75
+ 0.05 mm during extrusion while confirming the absence of bubbles
and foreign particles. The final filament was stored in a moisture-proof
container with a relative humidity of 22 % for subsequent FDM printing
(Fig. 2(a)).

2.2. Physicochemical and biocompatibility Analysis

After getting the printing filament ready, we used Gas Chromatog-
raphy-Mass Spectrometry (GC-MS), Fourier Transform Infrared Spec-
troscopy (FTIR), and a cytotoxicity test (MTT assay) to check if the
material is chemically stable and safe for biological use.

GC-MS analysis was performed to determine whether any residual
volatile organic solvents or other potentially harmful compounds were
present in the material. A total of 10 g of filament composed of 70 wt%
PCL with 30 wt%f-TCP was ground into powder and analyzed as the test
sample. The analysis was conducted using a thermo scientific trace 1300
GC system (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with an ISQ mass spectrometer and an auto-sampler (TriPlus RSH). A
standard temperature program was applied according to instrument
guidelines, and the resulting retention times (RTs) and mass spectra
were compared against reference spectra from the NIST 2017 and Wiley
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Fig. 1. Illustration of the workflow of this study.

10th Edition databases. This analysis aimed to verify whether the ethyl
acetate used during material processing was fully evaporated and to
detect any unexpected residual organic impurities.

FTIR spectroscopy (Jasco Inc., Easton, MD, USA) was employed to
verify the presence of characteristic functional groups in the composite
material, such as the ester carbonyl group (C—=O stretching,
~1720 cm™) of PCL and the phosphate group (PO+>-, ~1040 cm™) of
B-TCP. Additionally, FTIR was used to assess any potential chemical
interactions or decomposition phenomena within the composite. FTIR
analysis was conducted using a Jasco FTIR-4600 spectrometer. Three
types of samples were analyzed: pure PCL, pure $-TCP, and the com-
posite containing PCL with 30 wt% p-TCP. For each sample, 500 mg was
prepared as a potassium bromide (KBr) pellet using the standard
compression method. Spectra were recorded over the wavenumber
range of 4000-400 cm™ with a resolution of 4 cm™ .

An MTT assay was performed to evaluate the cytotoxicity of material
extracts according to ISO 10993 guidelines [23]. L929 mouse fibroblast
cells and MG-63 human osteosarcoma cells were seeded in 96-well
plates at a density of 1 x 10° cells/mL (100 pL/well) and incubated at
37 + 1 °Cin a humidified atmosphere with 5 + 1 % CO: for 24 + 2 h to
allow cell attachment. Test samples were sectioned into small pieces and
extracted in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo
Fisher Scientific, USA) at a surface weight-to-volume ratio of 0.2 g/mL
for 24 h at 37 °C. Cells were then treated with 100 % or 50 % extract or
control medium for an additional 24 h. All treatments were conducted in
triplicate. After exposure, 100 pL of MTT solution (0.5 mg/mL; Apolo
Biochemical, USA) was added and incubated for 2 h to allow the for-
mation of formazan crystals. The crystals were dissolved in 100 pL of
dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA), and absorbance was
measured at 570 nm using a microplate reader (TECAN Sunrise, Tecan
Group Ltd., Switzerland). Cell viability was calculated relative to the
negative control, with values below 70 % considered cytotoxic.
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2.3. Mechanical property test of PCL+ p-TCP materials

To obtain accurate material properties for RIs to be used in subse-
quent FE analysis, tensile testing was performed to determine the elastic
modulus (Elastic modulus) and Poisson’s ratio of the PCL+ p-TCP
composite. The specimen design followed the ASTM D638 standard
[24], with a total length of 80 mm, a gauge length of 50 mm, and an
effective deformation region of 25 mm (width: 9 mm; thickness: 3 mm).
Specimens were fabricated using a 3D FDM printer (Fig. 2(b)) [16]. The
PCL+ B-TCP composite was made into standard 3D printing filaments
that are 2.85 mm wide, following the earlier steps to make sure they
work with the FDM printer (S7, Ultimaker, Geldermalsen, Netherlands).

The printing parameters were as follows: nozzle temperature of
155°C, bed temperature of 40°C, printing speed of 20 mm/s, layer
height of 150 pm, and 100 % infill density. Three replicate specimens
were printed for each material group. After printing, all samples were
conditioned in a controlled environment at 23°C and 50 % relative hu-
midity for 24 h to relieve internal residual stresses and minimize stress
concentrations that could affect the testing outcomes. An extensometer
(HT-9160, Hung Ta Instrument, Taiwan) was carefully clamped onto the
gauge section of each specimen to ensure stable contact and to prevent
slippage or misalignment during testing. Additionally, transverse strain
gauges were attached to measure lateral deformation, enabling the
calculation of Poisson’s ratio. Specimens were mounted between the
upper and lower grips of a universal testing machine (E3000, Instron
ElectroPuls®, Instron, Canton, MA, USA). The tensile test was conducted
at a crosshead speed of 5 mm/min with an initial preload of 10 N.
Longitudinal strain, transverse strain, and tensile stress were recorded
throughout the test. Testing was monitored to ensure deformation
behavior was consistent with expected material characteristics. Each
test was terminated upon specimen failure or after reaching maximum
elongation. Data analysis focused on determining the elastic modulus
and Poisson’s ratio.
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Fig. 2. (a) Mixing and filament extrusion process of PCL and B-TCP. Left: Prolonged ultrasonic agitation for thorough mixing; Middle: Solvent evaporation using ethyl
acetate; Right: Schematic of filament extrusion and corresponding temperature settings. (b) Left: 3D-printed samples fabricated according to ASTM D638 standard;
Middle: Tensile testing setup; Right: Resulting data and stress-strain curves. (c) Left: Diamond-shaped lattice structure; Middle: CAD model; Right: Printed diamond

lattice cube and schematic of compressive strength testing.
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2.4. Mechanical strength test of 3D-printed PCL+ -TCP lattice cube
structures

Mechanical strength tests were conducted on cube-shaped structures
measuring 20 mm and 30 mm, which included different diamond lattice
designs (P06-dense lattices and P08-larger pores), while applying pres-
sure to them. Fig. 2(c) summarizes the unit size, pore size, porosity, and
pillar diameter of the two lattice types. Specimens (n = 3 per group)
were fabricated using the previously described FDM 3D printing process,

Bilateral incisors

1 Bone height I

WR WL
14.5mm 10.5 mm

AL 37.5mm

Outward thickness 2.8 mm; » 4

- LA

Extended side wing witl
RI-2 model 2-8 mm thickness and
25mm 4 2.4 mm screw holes

’

L

RI-2 FE mesh model

(b)
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following the same printing parameters established in the material
property tests. After fabrication, specimens were conditioned using the
same stabilization procedures previously described.

Compression tests were performed with an E3000 testing machine
that had flat, strong plates to keep the samples from moving sideways.
The loading rate was set at 5 mm/min, and the compressive failure force
(N) was recorded when the upper platen reached a displacement of two-
thirds of their original height (Fig. 2(c)).

RI-2 model

25.0 mm

Half the height of the bone segment

<
Tadiimd

Half of the bone segment thickness

RI-3 FE mesh model

RI-3 axial load

RI-3 lateral load

RI-2 axial load

RI-2 lateral load

Fig. 3. (a) Definition of two types of critical bone defects located between the bilateral incisors and the widths of the two cross-sections (WR = 14.5 mm, WL =
10.5 mm) correspond to two and three times the average mesiodistal width between the canines and first premolars, respectively. Both the height and width of the
defects were set to half the original alveolar ridge dimension. (b) Top left: Schematic illustration of loading conditions applied to four dental implants after
mandibular anterior defect reconstruction, consisting of lateral (70 %) and axial (30 %) forces; Bottom left: CAD models of the two implant designs, RI-2 and RI-3;
Middle: Corresponding full-view finite element (FE) mesh models; Right: FE analysis results showing maximum principal stress distribution for the two models.
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2.5. FE analysis and topological optimization of the mandibular
segmental reconstruction implant ]
ST
- £
A digital mandible model with a standardized segmental defect & 3
located between the bilateral incisors, including the incisors and ca- 3 % 2
. . (]
nines, was constructed from a normal male patient's computed tomog- S £
raphy (CT) scan data and was used in our previously established CAD w
model [6]. We measured the arc length distance (AL=37.5 mm) and the 8
o
widths of the two cross-sections (WR=14.5 mm, WL=10.5 mm) be- :
tween the bilateral premolar and canine sections at half the occlusal
o
height. It was found that AL is approximately three times the average 8
P . ©
value of the sum of WR and WL (12.5 mm); thus, it is defined as RI-3. £2388888¢R 83 ¢ @
The design of RI-3 is based on the guidelines from earlier metal im-
plants, which include making the implant height half the height of the o _|o|elalyg ol alm]| =
bone segment, the implant thickness also half of the bone segment & X Sl3le Iy
thickness (Fig. 3(a)), adding an arc normal outward and extended side § 5 A -
wing that is 2.8 mm thick, and including 4 holes for 2.4 mm bone screws E @
to secure it [5,6] (left part in Fig. 3(b)). Using the method described, a
new set of implants called RI-2 is created by reflecting in the sagittal £ = E %_ : < g 3 P % 3
plane, and this implant had an arc length that is double the average of g = =3 § cﬁ § « 138|382
WR and WL (about 25 mm)(Figs. 3(a) and 3(b)). % £ a
Solid models of the RI-2 and RI-3, along with the corresponding 2 %5
fixation sc1're\'/vs, bone g'raft (autogenous bone-cot"tlcal bone 'equlvalent), alolol~ olalnmlo
and remaining mandibular segments, were imported into ANSYS 2y § E, § g E § g §
Workbench (ANSYS Workbench v18.2, ANSYS Inc., PA, USA) for gg NSRS 90898
simulation. Numerical mesh convergence tests were performed for both 22| -
RI-2 and RI-3 using four different tetrahedral element sizes. A vertical
load of 100 N was applied to the occlusal surfaces of the premolar re- AR Dle|Nla
gions on both sides as the loading condition, while the nodes on the 28 |89 R|T SIS RND
dyl full ined in all directi h S E|RIS|S|S IR
condyles were fully constrained in all directions to represent the z3 |9(3|3|3 eSS
boundary conditions. The elastic modulus and Poisson’s ratio of cortical
bone, cancellous bone, and fixation screw were assigned according to o= |||~ |
values reported in the literature (Table 1) [6]. The maximum principal S E | - N
stress in the remaining bone surrounding the implant was used as the ~| 5% ™
- . . N L
convergence indicator. Convergence was considered achieved when the | “a o
stress variation between mesh densities was less than 5 %. Table 2
summarizes the number of nodes/elements, stress values, and corre-
-
sponding error percentages for the RI-2 and RI-3 models. The results 8
. . . UJ
indicated that both models reached convergence at an element size of o
1 mm; therefore, this mesh density was adopted for all subsequent g -
[ —
Weighted topology optimization was performed to develop light- =
weight and mechanically strengthened internal structures for RI-2 and
RI-3. Four solid dental implants (3 mm x 15 mm) were inserted into the @ %
segmental bone grafts at the lateral and central incisor positions to ,‘g %
simulate the postoperative occlusal loading transferred from a tempo- 8 &
. . N =]
rary prosthesis (Fig. 3(b)). = g
Mesh-converged FE models were used for optimization. The design = E
domain included only the RI region, while the outer and extended wing 3 E=Z85% & 0
. . i = X T2 MmN o9
portions were excluded. Two loading conditions (100 N each) were S SE90Sg 28%8¢%
applied to represent early anterior mandibular function: (1) an axial §
biting load and (2) a 45° lateral load. The condyles were fully Eo
[}
E - — O
5 50NN NN
o 22838 {3233
Table 1 2| SES5E8 Bz
Elastic modulus and Poisson’s ratios of all materials simulated using finite £ HESOQO®D DD
element analysis. bS]
>
Material Elastic modulus Poisson’s Reference B D 0O O N 0N
. = § 0 ®© NN <+ M o
(GPa) ratio & e 28 SIRY 88RBF
¢| 3ERSYS 8999
Cortical bone 13.70 0.30 [6] E Z B —
Cancellous bone 1.37 0.30 [6] 5
Titanium implant 110.00 0.35 [6] E
Fixation screw (Ti6Al4V) 110.00 0.35 [6] 2 Y
Autogenous bone (cortical 13.70 0.30 [6] ; E
bone equivalent) ~ g 5E
PCL+ 30 % B-TCP 0.45 0.30 Study _.%‘ SEES E E Lqn? un o
testing ﬁ: [ oo A - N
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constrained for both load cases. For each load case, element-wise
compliance was computed (C xja1 and C ijatera))- These values were
used by the solver to update the density design variable rather than
being normalized. Because anterior defects mainly experience lateral
shear, weighting factors of 0.7 (lateral) and 0.3 (axial) were assigned.
The optimization objective was to minimize the weighted compliance:

C weighted = 0.7 C jateral + 0.3 C axial

Element density (p=0-1) served as the design variable under a 50 %
volume-retention constraint. Through iterative updates, elements
essential for carrying the weighted loads were assigned higher density,
while less critical elements were reduced. Based on the final density
distribution, elements were classified as remove (0.0-0.4), marginal
(0.4-0.6), or keep (0.6-1.0) regions (Figs. 4a and 4b). The resulting
topologies for RI-2 and RI-3 were then smoothed to generate the final
optimized core structures.

2.6. Gradient lattice pattern design, fabrication and precision test for
reconstruction implant

The gray triangular grid positions in the left parts of Figs. 4(a) and 4
(b) are the places where the structure must be kept. The yellow dot
circles in the left part of Figs. 4(a) and 4(b) show that the shape of the RI-
2 and RI-3 models (excluding the extended wing) after weighted to-
pology optimization with keep, marginal, and removed regions. The
right parts of Figs. 4(a) and 4(b) showed the gradient lattice patterns in
the RI-2 and RI-3 models. The P06 lattice was used for the layout of the
Keep region, which is the area where the implant experiences higher
stress (from the right part in Fig. 3(b)). The removed and marginal re-
gions refer to the areas where the implant experiences lower stress; P08
lattice was employed for their layout. The arc outward and two extended
side wings are kept solid in Figs. 4(a) and 4(b). The 10-node tetrahedral
element with 0.6 mm size was used to mesh the lattice for RI-2 and RI-3
models. After meshing, under the same boundary conditions as
convergence test described, a downward bite force of 100 N was simu-
lated at the first molar region on both sides of the RI-2 and RI-3 models.
This force does not represent the actual occlusal force after sugery but
rather indicates the potential maximum load resulting from mandibular
muscle traction (Fig. 4(c)).

Using the same FDM 3D printing technology to fabricate the recon-
struction implant samples. The model slicing operation was completed
using Cura software (Ultimaker, Geldermalsen, Netherlands), and the
same printing parameters as before were set for 3D printing. After
printing, the implant samples clearly exhibited detailed lattice areas and
structurally intact edge features, demonstrating good structural repro-
ducibility and molding accuracy. The subsequent samples will be used
for geometric accuracy analysis and biomechanical experiments (Fig. 5
().

To evaluate the geometric dimensional accuracy of 3D printed RIs,
this study uses micro-computed tomography (micro-CT) (U-CTHR,
MILabs B.V., Houten, The Netherlands) with 40pm resolution to scan
and reconstruct the printed products, generating corresponding 3D
surface models. Compare the micro-CT reconstructed model with the
original CAD design to analyze the potential geometric deviations that
may occur after printing. This study measures the dimensions of three
samples each of the RI-2 and RI-3 models, including total dimensions
(total width: TW; total height: TH), geometric dimensions of the lattice
area (lattice width: LW, lattice height: LH), and the diameter of the
screw holes (selecting one lock hole on each side to measure the hole
diameter: HD) (Figs. 5(b) and 5(c)). The lattice areas of the models are
subjected to cross-sectional analysis at three representative sections
(Sections 1, 2, 3), with the positions of each section evenly divided by
angle (12.5° for RI-2 and 12.5° for RI-3). In each section, lattice pores
designed with diameters of P06 and P08 are selected for measurement,
and their differences from the original CAD model are compared.
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Through the aforementioned geometric measurements and compari-
sons, the accuracy and potential deformation of the printed products in
different sizes and areas can be systematically evaluated (Figs. 5(b) and

5(c)).
2.7. Four-point bending test of reconstruction implant in air

To provide a comprehensive mechanical strength reference for Rls in
the air condition, four-point bending tests were carried out for RI-2 and
RI-3 models according to the American Society for Testing and Materials
(ASTM) protocols (ASTM F382-17), using the Instron E3000 testing
machine.

Static testing was performed to obtain the proof load and strength of
the samples. The rigid extension segments, which are used to effectively
lengthen the RI-2 and RI-3 models, do not have a sufficiently long
symmetrical section. The geometry profile at the proximal and distal
sides of the rigid extension segments for the RIs were designed according
to their corresponding geometric features of the implants and fabricated
using an ABS 3D printer (ABS-P430; Dimension 1200es SST, Stratasys,
Ltd., Minnesota, USA). All RI samples were attached to the rigid
extension segments, and the loading rollers touched these segments
during the test (Fig. 6(a)).

The center span (a=100 mm) is the distance between the loading
rollers, and the loading span distance (h=35 mm) is the distance be-
tween the loading roller and the nearest support roller. Each group had
three samples, which were placed on the four-point bending test clamp
to load at a crosshead rate of 5 mm/min until failure occurred (Fig. 6
(a)). The proof load (P), and force-displacement diagram were collected
from each test, and the corresponding bending strength was calculated.
The failure pattern of each sample was examined to assess the failure
mechanism.

2.8. Standard degradation curve establishes under simulated oral
physiological conditions

To establish a standard degradation curve for PCL+ B-TCP materials
under simulated oral physiological conditions, a custom experimental
platform equipped with heating and mechanical loading functions was
developed. The setup consisted of PBS maintained at 37°C and pH 7.4
and was integrated with a dynamic mechanical testing system (E3000).
In the experiment, a 20 mm cube made of diamond lattices (with each
unit size being 2 mm and the pillar diameter being 0.6 mm: P06),
created using the same FDM 3D printing and was placed between the
loading device and the grip to fully submerged in PBS (Fig. 7(a)).

The testing protocol employed a bi-daily cyclic compression mode,
applying a reciprocating compressive load ranging from 5 to 50 N for a
duration of 20 min per session (approximately 1370 cycles at 1.142 Hz,
simulating 1 million occlusal cycles annually) [25,26]. This loading
pattern was designed to simulate minor occlusal forces or muscle tension
that may occur after surgery. Between cycles, samples were left undis-
turbed for 11 h and 40 min to mimic a rest period. A preload of 5 N was
applied at the start of each cycle to ensure stable contact and consistent
alignment of the specimen (Fig. 7(a)).

Degradation was assessed at 24 (1 day), 72 (3 days), and 168 (7 days)
hours. At each time point, three specimens were collected, rinsed, dried,
and weighed to determine mass loss. In addition, the pH of the PBS
solution was recorded at the beginning and end of each testing period to
monitor whether the degradation process altered the environmental
acidity or alkalinity.

2.9. Hydrolytic degradation with dynamic loading test

To simulate the combined effects of muscle traction and physiolog-
ical degradation on RIs during the early postoperative period, dynamic
loading tests were conducted using a previously established experi-
mental platform.
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Fig. 4. (a) Left: Topology-optimized structures of the RI-2 model under axial and lateral loading conditions, with the kept element regions indicated. The yellow dot
circles highlight the areas refined by weighted topology optimization and subsequent smoothing. Right: Regions defined as "keep" and "remove" elements were filled
with PO6-dense lattice and PO8-larger pore structures, respectively, along with the corresponding FE mesh model; (b) Left: Topology-optimized structures of the RI-3
model under axial and lateral loading conditions, with the kept element regions indicated. The orange dot circles highlight the areas refined by weighted topology
optimization and subsequent smoothing. Right: Regions defined as "keep" and "remove" elements were filled with P06 and P08 structures, respectively, along with the
corresponding FE mesh model; (c) FE simulation for RI-2 and RI-3 models under load.
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Fig. 5. (a) Left: Model slicing and conversion for input into 3D printing software. Right: FDM (fused deposition modeling) 3D-printed RI-2 and RI-3 models, clearly
showing the different lattice densities of PO6-dense lattice and PO8-large pore structures; (b) Left: Overall dimensional inspection of the RI-2 model. Right: micro-CT
scan of nine pores across three cross-sections before and after hydrolysis (refer to Table 3), along with FE analysis stress distribution on the same cross-sections; (c)

Left: Overall dimensional inspection of the RI-3 model. Right: micro-CT scan of nine pores across three cross-sections before and after hydrolysis (refer to Table 3),
along with FE analysis stress distribution on the same cross-sections.
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Fig. 6. (a) Schematic diagram of the four-point bending test;(b) Top left: Load-displacement curve from the four-point bending test. Top right: Proof load and

bending strength values. Bottom: Crack and fracture locations of RI-2 and RI-3 models.
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(b)

b R 4
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Fig. 7. (a) Schematic diagram illustrating the establishment of a standard degradation curve and the corresponding plot of weight loss percentage versus actual time;
(b) Setup and schematic diagram of the dual-loading platform for hydrolytic degradation with dynamic loading; (c) Left: Percentage change in geometry across
different cross-sections and pores of RI-2 and RI-3 after dual loading; (d) Left: No cracks or fractures were observed in the RI-2 samples after one month. Right-top:
Representative RI-3 sample showing crack/fracture after 14.4 days. Right-middle: Crack propagation path observed under an optical magnifier. Right-bottom: FE-
predicted maximum principal stress directions around the pore regions.
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For sample preparation, the remaining mandible segments corre-
sponding to the RI-2 and RI-3 designs were fabricated using an ABS 3D
printer. The 3D-printed PCL+ B-TCP RIs were secured onto the ABS
mandible models using screws (Tandry Locking Bone Plate System,
@®2.4 mm diameter, 18 mm length, Microware Precision Co., Ltd.,
Taiwan), forming the complete test samples. During testing, each sample
was mounted in an inverted position on a dynamic testing machine
(Instron E3000). The condylar processes were embedded and fixed in
resin blocks to ensure positional stability. Following the protocol
described by Wiebke Schupp and other researchers [25,26], a custom
metal pressure plate was placed above the mandibular angle region to
restrict undesired movement. A specially designed metal loading appa-
ratus was positioned beneath the bilateral alveolar regions (approxi-
mately at the first molar sites) to apply a cyclic upward force simulating
muscle traction, with a load range of 20-200 N and a loading span of
47 mm (Fig. 7(b)).

All samples were immersed in PBS at 37°C to replicate the humid and
thermally stable in vivo environment. Initially, three RI-2 samples were
subjected to dynamic loading at 1 Hz for 20,000 (about 5.5 h) cycles
(Table 3). After testing, the implants were dried, and the mass loss due to
hydrolysis was recorded. The results were compared with a previously
established standard degradation curve (real time) to estimate the
equivalent oral functional time, calculated to be 42.63 h. Accordingly,
the extrapolated cumulative functional time in the aqueous environment
for the first postoperative month (720 h) was determined to correspond
to 93 h of in vitro fatigue exposure (Fig. 7(b)).

Subsequently, three sets each of RI-2 and RI-3 samples were sub-
jected to 93-hour dynamic loading in PBS at 37°C under the same
20-200 N cyclic load conditions. Upon completion, all samples were
UV-dried for two hours and weighed. Visible cracks and fracture sites
were recorded. Finally, micro-CT scanning was performed, and the
reconstructed images were used to assess geometric changes by calcu-
lating the percentage difference in key structural features before and
after dynamic testing.

3. Results
3.1. Physicochemical and biocompatibility analysis

The GC-MS analysis results show that the PCL + 30 % p-TCP sample
and the blank group exhibit several characteristic peaks at RT (Retention
Time) 4.71, 5.63, 8.97, and 15.98 min in the chromatogram (Fig. 8(a)).
After comparing its retention time with the NIST and Wiley standard
databases, no major characteristic peak corresponding to ethyl acetate
was found, indicating that the solvent used during the preparation
process has completely evaporated, with no significant residual volatile
organic compounds. Overall, the material meets the volatile safety re-
quirements for biomedical applications.

The FTIR analysis results show that the spectrum of the PCL + 30 %
B-TCP composite material retains the characteristic absorption peaks of
both pure PCL and pure p-TCP. PCL exhibits a distinct ester group (C=0)
stretching vibration absorption peak at approximately 1720 cm™ , while
B-TCP corresponds to the symmetric and asymmetric stretching
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vibrations of phosphate groups (PO+>") in the range of approximately
1040 cm™ . These characteristic absorption peaks in the spectrum of the
composite material still exist, and no significant new peaks are observed,
indicating that the interaction between PCL and -TCP is primarily
physical mixing, with no significant chemical reactions occurring (Fig. 8
(a)). This result indicates that the material preparation process
(including organic solvent treatment and high-temperature melting
mixing) did not cause any changes in the component structure,
demonstrating good compositional stability.

MTT cytotoxicity analysis showed that L929 fibroblasts maintained
an average viability of 86 % + 9.4 % under both the undiluted and 1/2
diluted extract conditions, exceeding the ISO 10993cytotoxicity
threshold of 70 %. Similarly, MG-63 osteosarcoma cells exhibited via-
bilities of 83 % (100 % extract) and 90 % (50 % extract), both compa-
rable to the untreated control group (100 %). All viability values
remained above 70 %, demonstrating the absence of extract-induced
cytotoxicity in both fibroblastic and osteogenic cell models. Together,
these results indicate that the composite material exhibits favorable
biocompatibility and is suitable for biomedical implant applications
(Fig. 8a).

3.2. Mechanical property and strength of PCL+ f-TCP materials and its
lattice cube structures

The elastic modulus and Poisson’s ratio of PCL+ p-TCP were deter-
mined to be 450.4 + 20.26 MPa and 0.3 4+ 0.03 (mean =+ standard de-
viation), respectively (Fig. 2(b) and Table 1). It was also observed that
the elongation of PCL+ B-TCP was about 3.33 %. The average strength
of 3D-printed PCL+ B-TCP lattice samples refers to the stress values
measured during displacement-controlled compression tests, specif-
ically when the cube samples were compressed to two-thirds of their
original height. The results showed that the P06 cube exhibited greater
strength (3.17 £ 0.53 MPa) compared to the P08 cube (1.33
+ 0.33 MPa), and this difference was statistically significant regardless
of the material type or loading method (Fig. 2(c)).

3.3. FE simulation of RI-2 & RI-3 models

The right part of Fig. 3(b) presents the analysis stress results for the
RI-3 and RI-2 topology optimizations under lateral and axial loads.
Based on these results and weighting calculation, the structural opti-
mization of the implant according to stress distribution, as well as the
placement and mesh pattern of the PO6 and P08 lattice designs, can be
determined (Figs. 4(a) and 4(b)). These details have already been
described in Section 2.5 and will not be repeated here.

The simulation results of the RI-2 and RI-3 models, after being
designed with a gradient lattice pattern, showed that both designs
exhibited evident stress concentrations (red-orange regions) around the
screw holes of the extended wings (Fig. 8(b)). Moreover, examination of
the maximum principal stress vectors around the pore regions in Fig. 7
(c) revealed that the stress directions were predominantly tangential to
the circular holes. This observation explains why the cracks observed in
Fig. 7(c) propagated radially from the hole edges. In addition, the lattice

Table 3
Comparison of the printing accuracy errors between the printed and CAD-designed dimensions for the three RI-2 and RI-3 models after micro-CT scanning.
RI-2 RI-3
™ TH Lw LH HD ™ TH w LH HD
CAD 50.78 16.16 16.82 17.69 2.40 62.59 16.64 16.18 26.50 2.40
3DP Model (1) 50.74 15.74 16.16 16.77 2.33 62.67 15.87 15.76 26.15 2.25
3DP Model (2) 50.62 15.82 16.25 17.39 2.36 62.42 15.84 15.86 26.75 2.34
3DP Model (3) 50.38 15.99 16.13 16.86 2.32 62.43 15.73 15.74 26.72 2.32
Average 50.58 15.85 16.18 17.01 2.34 62.51 15.81 15.89 26.54 2.30
Standard deviation 0.18 0.13 0.06 0.34 0.02 0.14 0.07 0.06 0.34 0.05
Error (%) -0.39 -1.91 -3.80 -3.86 -2.64 -0.13 -4.99 -1.79 0.15 -4.03

TW = total width; TH = total height; LW = lattice width; LH = lattice height; HD = hole diameter.
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Fig. 8. (a) Top: GC-MS (Gas chromatography-mass spectrometry) analysis result. Bottom left: FTIR (Fourier-transform infrared spectroscopy) analysis result. Bottom
right: MTT assay (tetrazolium-based cell viability test) result of L929 and MG63 cells; (b) Stress distribution maps of the reconstructed implants (RI-2 and RI-3) under

loading conditions with different gradient lattice designs.

structure in the middle region showed relatively higher stress levels
(yellow-green), indicating that this area may be subjected to greater
bending moments. Compared to RI-2, the high-stress regions in the RI-3
model were broader and more dispersed, suggesting that RI-3 may be
more prone to failure under the same loading conditions (Fig. 8(b)).

3.4. 3D printing accuracy

In this study, the use of 3D FDM printing technology enabled the

gradient lattice pattern to be clearly visualized on the printed models
(Fig. 5(a)). Table 3 lists the key dimensions of the three printed samples
for RI-2 and RI-3 models, respectively, including TW, TH, LW, LH, HD
and three different pores on three cross-sections (note section # - pore
#) along with their corresponding measurements from reconstructed
micro-CT images (shown in the left columns of the CT images in Figs. 5
(b) and 5(c)). The calculated results showed that all dimensional errors
of the 3D FDM-printed PCL+ B-TCP materials were within 5 %.



H.-W. Wang et al.
3.5. Four-point bending test of reconstruction implant

In the static four-point bending test, corresponding values for the RI-
2 and RI-3 models of average proof load were 83.75 + 5.26 N and 35.73
+ 14.46 N (Fig. 6(b)), and bending strengths were 1465.63 + 92.1 N-
mm and 625.19 + 252.98 N-mm, respectively. The proof load and
bending strength of the RI-2 model were almost 2.35 times higher than
those of the RI-3 model. The crack or failure patterns in the RI-2 and RI-3
groups were different. In the RI-2 model, only cracks were observed
around the screw holes, and no fractures occurred in the side wings. In
contrast, side wing fractures were found in the RI-3 model (Fig. 6(b)).

3.6. Standard degradation curve & hydrolytic degradation with dynamic
loading test

The relationship between the percentage of mass loss in the lattice
cube and actual time was found to be linear, as shown in Fig. 7(a).
Therefore, mass loss can be converted to RI-2. Samples were subjected to
dynamic loading at 1 Hz for 20,000 cycles. The 5.5-hour experiment
approximately corresponds to 42.6 h of actual clinical effect (Table 4).
The actual postoperative clinical period of one month is roughly
equivalent to an experimental duration of 93 h.

Experimental results indicate that changes in PBS pH value were
minimal and could be disregarded in both the RI-2 and RI-3 models
(Table 4). In terms of weight loss, RI-2 samples exhibited an average
decrease of approximately 6 %, while RI-3 samples decreased by about
8 %. Notably, none of the three RI-3 models withstood the simulated
one-month period under the combined effects of water and loading, with
damage occurring at around 14.4 days. Further observation revealed
clear cracks and/or morphological defects around the screws securing
the extended side wing and at the wing edges. In contrast, all three RI-2
models endured the one-month period under the same conditions
without significant cracking or morphological damage (Fig. 7(c)).

Additional measurements of geometric changes in the three obser-
vation pores of each model (both RI-2 and RI-3) at three different sec-
tions (shown in the right columns of the CT images in Figs. 5(b) and 5(c)
and statistical analysis from Tables 5 and 6) showed that, regardless of
the model or section, geometric changes in the P08 lattice were
consistently greater than those in the P06 lattice (upper of Fig. 7(c)).
Across all models and sections, the average geometric change in Section
3 was greater than in Section 2, which was, in turn, greater than in
Section 1. Overall, RI-3 showed significantly greater geometric changes
compared to RI-2 (down of Fig. 7(c)). Further FE analysis of both models
demonstrated that these results were proportional to sectional stress,
indicating that higher stress corresponded to greater geometric changes
(right part of Figs. 5(b) and 5(c)). In terms of macroscopic failure
observation, all three RI-2 models showed no visible signs of damage
after undergoing one month of simulated aqueous environment and
dynamic loading (left of Fig. 7d). In contrast, representative RI-3 sample
showing crack and fracture formation after 14.4 days of dual hydro-
lysis-loading (right-top of Fig. 7d). The right-middle of Fig. 7(d) illus-
trates the crack propagation path around the screw holes under optical
magnification. The right-bottom of Fig. 7(d) presents the FE-predicted

Table 4
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maximum principal stress vectors concentrated around the pore re-
gion, indicating a stress direction consistent with the observed crack
path.

4. Discussion

The PCL + 30 % B-TCP composite material chosen for this study
combines the flexibility of the plastic part with the bone-supporting
properties of the ceramic part, providing both strength and biological
activity. GC-MS analysis confirmed that ethyl acetate completely evap-
orated after the process, avoiding potential cytotoxicity; FTIR results
also indicated that its composition was primarily a physical mixture,
with no new chemical bonds formed, which helps maintain the pre-
dictable degradation behavior of the material. In addition, the MTT
results show that the material is non-cytotoxic to L929 fibroblasts, and
MG-63 osteoblast-like cells also maintained high viability (>80 %)
under both extract concentrations, indicating good compatibility with
both soft-tissue and bone-related cell types. Although the p-TCP content
used here (30 wt%) is higher than the typical 10-20 % reported in
previous studies [20], the composite still exhibited good processability
and biocompatibility. The favorable MG-63 response further suggests
that the high B-TCP fraction supports osteoblast activity and early
bone-related integration, highlighting the material’s potential as a
high-strength, absorbable bone repair implant.

Compared to the low-stiffness bioprinting systems supported by
hydrogel substrates [27], FDM technology can achieve higher resolution
and print large, complex geometries, making it particularly suitable for
load-bearing orthopedic implants that do not require immediate cell
encapsulation. This study has overcome two major challenges in the
development of absorbable ceramic composite implants at both the
process and design levels, including material printability and micro-
structure controllability. First, although pB-TCP is a common
bone-conductive ceramic, its higher proportion usually effectively en-
hances the initial mechanical strength and bone mineralization potential
of the composite material. However, in FDM printing, it causes signifi-
cant processing bottlenecks: when the filler content exceeds 20 wt%, the
viscosity and rheological properties of the molten mixture significantly
increase, making it prone to nozzle clogging, unstable extrusion, or layer
misalignment issues.

To address the challenges associated with incorporating high
ceramic content into PCL, this study adopted prolonged ultrasonic
dispersion and solvent evaporation to achieve a more uniform distri-
bution of B-TCP within the polymer matrix, combined with optimized
extrusion and printing temperatures. These processing strategies
enabled the successful preparation and printing of stable filaments
containing up to 30 wt% B-TCP without clogging or forming defects,
thereby demonstrating the feasibility of fabricating high—ceramic con-
tent composites using FDM. The selection of 30 wt% (-TCP was further
supported by previous systematic investigations of PCL/B-TCP com-
posites. Bruyas et al. reported that formulations exceeding 40-60 wt%
B-TCP exhibit particle agglomeration, increased brittleness, accelerated
degradation, and even fabrication failure due to insufficient PCL to bind
the ceramic phase [20]. Conversely, 3-TCP contents below 20 wt% offer

PH stability, weight loss, and their corresponding real-time degradation equivalents for RI-2 and RI-3 during dynamic loading.

h degradation and dynamic loading

h degradation and dynamic loading.

RI-3 model after sample fractures

Average Standard deviation

PH (Before) 7.40 0.00

PH (After) 7.44 0.03

Weight (mg) (Before) 3612.33 473.61

Weight (mg) (After) 3596.67 477.70

A\ Weight (mg) 15.67 4.51

AW (%) 0.45 % 0.17 %
Corresponding real time (hrs) 42.63 30.99

Average Standard deviation Average Standard deviation
7.40 0.00 7.40 0.00

7.41 0.08 7.40 0.07

4124.00 96.06 4546.33 206.69

3868.00 114.59 4194.67 158.69

256.00 28.21 351.67 132.32

6.00 16.00 8.00 23.00

720.00 0.00 345.64 114.21

(one month)

(14.40 days)
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limited mechanical reinforcement and reduced osteoconductivity.
Therefore, 30 wt% represents a practical and experimentally validated
compromise that maintains filament integrity during FDM, provides
adequate early-stage stiffness, and offers biologically favorable surface
characteristics. This empirically supported ratio served as the optimal
composition for the present study.

Secondly, this study also faces the engineering challenge of the
inherent resolution limitations of the FDM system. Compared to pho-
topolymerization or inkjet-based bioprinting technologies, FDM is
limited by nozzle size and layer thickness control, making it unable to
accurately reproduce fine pores smaller than 0.8 mm. If the lattice
design is too small (e.g., pore size < 800 pm), it often becomes distorted
or closed during physical printing due to material accumulation or layer
edge blurring; conversely, if the pores are too large (> 2 mm), although
it facilitates the penetration of liquids and nutrients, it can reduce cell
adhesion efficiency, decrease support points, and even lead to early
structural degradation and instability. This study selected the P06 lattice
design (unit size: 2 mm, pillar 0.6 mm, pore size ~1000 pm, porosity
65 %), which has been verified to stably print clear and well-connected
pore structures, while maintaining biologically suitable microenviron-
ment parameters, providing good cell adhesion space and nutrient ex-
change channels. This design strategy achieves the optimal intersection
between the "FDM printing limits" and "cell-friendly properties,"
providing significant insights for the future design of load-bearing
regenerative implants.

After topological optimization and lattice configuration adjustment,
the RI-2 design demonstrated significantly superior strength compared
to RI-3 in the four-point bending test. FE analysis shows that under the
same load, RI-3 exhibits a higher stress distribution, particularly
concentrated around the wing plate and screw holes, which corresponds
with the cracks and fracture patterns observed in the experiments. The
reason RI-2 exhibits better endurance is that it withstands a smaller
bending moment. In this study, the optimized structural design uses
smaller units with higher density P06 lattices in high-stress areas, which
can effectively reduce excessive stress concentration and provide a
continuous supporting framework. This design not only enhances early
postoperative stability but also reduces the risk of screw loosening and
micromotion, which are key factors in determining whether the biode-
gradable implant can successfully support regeneration.

This study pioneers a dual simulation platform that combines hy-
drolytic environments with postoperative functional loading, success-
fully establishing a realistic physiological stress field faced by
biodegradable implants in the early stages (one month after surgery) of
critical mandibular defect reconstruction. The experimental design
simulated the physiological fluid environment with 37°C PBS and
applied dynamic compressive loads of 20-200 N at 1 Hz for up to 93 h,
corresponding to the muscle traction load conditions in humans
approximately one month after surgery. This is the first study to
simultaneously investigate the dual effects of material degradation and
structural fatigue on implant stability.

The results of dual simulations in PBS and dynamic load show that
the RI-2 implant (with an arc length approximately twice the average
width of the premolar-canine section) can maintain its complete
structure and function within one month after surgery, with no signifi-
cant deformation or damage observed. This confirms that its topologi-
cally optimized structure and lattice configuration provide sufficient
support and degradation tolerance. This study controlled the size of the
lattice units and the diameter of the pillars to create gradient P06 and
P08 structures in areas with different stress levels, successfully
balancing mechanical support and biological functions. In experiments
simulating muscle traction and hydrolytic environments, the P06 region
exhibited lower degradation and more stable deformation than those of
P08. Additionally, the pore size of P06 is approximately 1000 pm with a
porosity of 65 %, which theoretically facilitates rapid cell adhesion and
growth. This means that in the most stressed parts of the implant, it
needs to be strong enough after surgery to support bone growth, which
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greatly improves the chances of successful integration with the bone and
the ability to properly repair the damaged area.

Moreover, the RI-3 implant—featuring an arc length approximately
three times the width of the target section—exhibited pronounced fa-
tigue cracks and structural collapse near the side wing screw hole after
14.4 days of dual testing under PBS immersion and dynamic loading.
This suggests that its internal lattice configuration fails to effectively
distribute stress, and the excessive span results in buckling and localized
failure. In static failure testing, the structural tolerance of the RI-3
implant was markedly lower than that of RI-2, with its static bending
strength reaching only 43 % of RI-2's. Taken together, these results
indicate that the failure risk of the RI-3 implant may be three to four
times greater than that of RI-2, underscoring the importance of proper
topological design and stress dispersion in ensuring implant durability
and mechanical stability.

Under simulated experimental conditions, hydrolysis gradually
weakens both the material’s cross-sectional integrity and molecular
structure. However, the primary driver of substantial structural damage
is the localized stress concentration and crack propagation induced by
continuous dynamic loading. These two mechanisms—hydrolytic
degradation and fatigue loading—act synergistically, but fatigue loading
serves as the principal trigger for failure initiation. Compared to RI-2,
the RI-3 implant experiences a higher bending moment, resulting in
elevated stress levels and an accelerated rate of hydrolysis, particularly
in high-stress regions such as the mid-span section (Fig. 8(b)). These
findings demonstrate that when employing 3D-printed biodegradable
implants for reconstruction in load-bearing regions, the ratio of the
reconstructed arc length (AL) to the combined width of the residual bone
stumps (WR + WL) should be maintained below 2.0. This constraint
helps ensure a reasonable stress distribution and structural stability
during the early postoperative period.

By combining topological optimization with gradient lattice designs,
we can set a minimum level of mechanical support and a safe range for
shapes that are important for successful healing in the early stages. In
the future, this combined simulation approach and the related geometric
ratio standards could help create a "structural regeneration threshold,"
which would be a new way to design and assess biodegradable load-
bearing implants, offering clear guidelines for their use in regenerative
medicine.

Although this study has established a comprehensive workflow
encompassing material preparation, structural design, mechanical
simulation, and preliminary dynamic validation, several limitations
should be acknowledged and addressed in future work. First, the current
experimental platform is limited to in vitro conditions, lacking the
biological complexity of bone cell migration, tissue growth, and angio-
genesis. Future studies should incorporate in vivo animal models to
assess true osseointegration and the degradation behavior of the im-
plants. Second, the present analysis focuses solely on a representative
case of a large anterior mandibular defect, without validating the
approach across the diverse clinical presentations of bone defects.
Broader anatomical and pathological variations should be considered to
enhance clinical applicability.

Moreover, the implant design intentionally preserves spatial and
structural features to accommodate auxiliary functional modules, such
as surface coatings with growth factors or antibacterial agents, internal
cavity filling with platelet-rich fibrin (PRF) or synthetic bone grafts to
promote faster bone bridging, and incorporation of drug reservoirs (e.g.,
platinum-based hydrogels) for localized therapy, especially in post-
tumor resection scenarios. This modular and adaptable design plat-
form exemplifies the interdisciplinary integration of clinical needs with
biomedical engineering. It holds strong potential to drive the next
generation of bone implants characterized by multifunctionality,
personalization, and time-controlled therapeutic capabilities.
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5. Conclusion

This study successfully demonstrated a comprehensive workflow for
the development of biodegradable, 3D-printed, topology-optimized
mandibular reconstruction implants, integrating material synthesis,
lattice structure design, mechanical evaluation, and dual-mode degra-
dation simulation. The RI-2 design, characterized by a shorter arc length
and high-density P06 lattice in critical stress zones, exhibited superior
mechanical strength, dimensional stability, and resistance to hydrolytic
degradation compared to the RI-3 design. The dual simulation plat-
form—incorporating physiological hydrolysis and cyclic loading—real-
istically replicated early postoperative conditions and revealed critical
design thresholds for implant stability. These findings suggest that
maintaining the reconstruction arc length within twice the width of the
residual bone and employing stress-adaptive lattice configurations are
essential for achieving early-stage mechanical support and guiding bone
regeneration. This study not only provides valuable insights into the
structural and biological optimization of load-bearing biodegradable
implants but also lays the groundwork for establishing quantitative
design criteria for further clinical application.
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