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Abstract
Segmental bone defects caused by high-energy trauma remain a major clinical 
challenge because they often require mechanical stabilization and biological 
regeneration support for successful repair. Although autologous bone grafting 
is the clinical gold standard, its application is limited by donor-site morbidity and 
restricted graft availability. Metallic fixation devices provide mechanical stability, but 
metal-only implants do not actively support bone regeneration and may cause stress 
shielding or insufficient biological integration. To address these limitations, this study 
developed and evaluated two implant strategies for repairing rabbit tibial segmental 
defects. Computed tomography (CT) and computer-aided design (CAD) were used 
to establish a reproducible 5-mm rabbit tibial segmental defect model and guide 
implant design. Finite element analysis (FEA) optimized an integrated 3D-printed 
Ti6Al4V bone plate–cage construct with gradient porosity (50–70%) to reduce 
stress concentration while maintaining lightweight support. The cage construct 
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1. Introduction
Segmental bone loss, often caused by high-energy trauma, 
remains a major clinical challenge because it frequently 
results in delayed union or non-union and often requires 
reconstructive surgery.1 While small bone defects can 
usually be treated with bone grafting and fracture fixation, 
segmental defects often have poor spontaneous healing 
capacity and require more complex reconstruction to 
achieve stable repair and bone regeneration. Although 
multiple surgical approaches have been developed, clinical 
outcomes remain suboptimal.1-3 Autografts are limited 
by donor-site morbidity and limited tissue availability, 
whereas allografts are constrained by immunological and 
biological incorporation issues.4 Titanium implants can 
provide immediate mechanical stabilization, but when 
used alone, they do not actively support bone regeneration 
and may contribute to stress shielding or incomplete 
osseointegration.5 Accordingly, new biomaterial strategies 
are still needed to enhance regeneration in segmental bone 
defects.

Optimal biomaterials for bone reconstruction must 
meet several criteria: satisfactory biocompatibility, 
mechanical properties like natural bone’s elastic modulus, 
a degradation rate aligned with the bone healing process, 
and the ability to promote osteogenesis. While numerous 
biomaterials have been developed for craniofacial and 
long-bone defects, none fully meet the requirements 
of biocompatibility, strength, minimal morbidity, and 
effective osseointegration.6,7 Among these, biocompatible 
metals, particularly titanium and its alloys, are preferred for 
load-bearing applications due to their superior toughness 
and strength.8 Titanium scaffolds provide elasticity, high 
mechanical strength, and biocompatibility, supporting 

mineral deposition and cell proliferation without inducing 
inflammation or necrosis. However, their non-absorbable 
nature and high Young’s modulus (>110 GPa) compared 
to bone tissue (7–30 GPa) often render them unsuitable 
as standalone solutions, as they can cause stress shielding, 
implant loosening, and failure.9,10 

Conversely, bioceramics offer promising bioactivity, 
biodegradability, and biocompatibility, making them 
viable candidates for bone reconstruction.11 Traditional 
porous bioceramic scaffolds, fabricated via methods such 
as gas foaming, salt leaching, freeze-drying, or polymer 
templating, suffer from low mechanical strength, poor 
reproducibility, and limited control over internal features 
(e.g., pore size, shape, and interconnectivity) and over 
the overall scaffold geometry.12 Additive manufacturing 
has revolutionized bioceramic scaffold production by 
enabling layer-by-layer construction with precise pore 
structures. Our group has developed a novel negative 
thermo-responsive bioceramic slurry ink system based 
on poly(N-isopropylacrylamide) (pNIPPAm), which 
facilitates the creation of 3D bioceramics using robotic 
extrusion deposition and digital light processing 
(DLP).12,13 This system leverages the shrinkage of 
pNIPPAm’s intramolecular hydrogen bonds above 32–35 
°C to uniformly drain the water of the slurry, thereby 
tightly packing ceramic powders.12-14 After sintering at 
1,150–1,250 °C, the resulting mechanically stable 3D 
bioceramic scaffolds exhibit a dense structural skeleton 
with well-defined, interconnected porosity, enhancing 
bone regeneration. Despite these advances, bioceramics 
remain inherently brittle, and highly porous scaffolds lack 
the mechanical stability required for repairing trauma-
induced segmental bone defects, underscoring the need 

was evaluated alongside a hybrid system consisting of a 3D-printed Ti6Al4V bone 
plate paired with an interconnected porous 3D β-tricalcium phosphate (β-TCP) cage 
fabricated by digital light processing using a negative-temperature-responsive slurry. 
Owing to its interconnected porous architecture, relatively slow degradation profile, 
and compressive properties comparable to cancellous bone, the porous β-TCP cage 
provided favorable structural support and maintained defect-site stability during 
early-stage regeneration. At 90 days, ex vivo micro-CT and histological analyses in 
the hybrid group confirmed bone ingrowth, vascularization, and osteogenic tissue 
infiltration. Metal-induced imaging artifacts and histological sampling constraints 
in the Ti6Al4V cage construct limited direct comparison of regenerative outcomes 
between the two groups. These findings support the feasibility of combining 
essential early mechanical fixation with an osteoconductive porous β-TCP cage for 
segmental tibial defect repair.

Keywords: Segmental bone defects; Ti6Al4V; Bioceramic; Bone regeneration; 
Osteoconduction
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for biomaterials that promote osteogenesis while reducing 
reliance on autogenous bone. 

However, each biomaterial presents unique advantages 
and limitations. Given the complex composition of bone 
tissue and the dynamic nature of bone remodeling, no 
single material can universally address all regeneration 
scenarios.15 A promising strategy to meet these clinical 
demands involves combining a metal bone plate with robust 
mechanical fixation and a bioactive interconnected porous 
3D bioceramic scaffold for guided bone regeneration to 
address segmental long-bone loss.

We hypothesized that a mechano-biologically 
optimized 3D-printed Ti6Al4V bone plate combined 
with a mechanically stable, interconnected porous 3D 
bioceramic cage would provide sufficient fixation stability 
to prevent implant-related failure while promoting bone 
ingrowth and osseointegration within the scaffold. A 
5-mm rabbit tibial segmental defect was selected as a 
suitable and reproducible model for evaluating early-
stage bone regeneration and treatment efficacy, while 
minimizing the risks of non-union and fixation failure 
that are more commonly encountered in larger rabbit 
segmental defect models. To test this hypothesis, our 
study adopted two complementary strategies. First, 
computed tomography (CT) and computer-aided design 
(CAD) were used to reconstruct a 3D tibial model of the 
New Zealand rabbit, followed by finite element analysis 
(FEA) in ANSYS Workbench under defined boundary 
conditions. Building on our previous work, we designed 
an integrated 3D-printed Ti6Al4V plate–cage construct 
with gradient porosity (50–70%) to reduce stress 
concentration while maintaining lightweight mechanical 
support.16 Second, the optimized 3D Ti6Al4V bone plate 
was paired with a matching interconnected porous 3D 
bioceramic cage with osteoconductive characteristics and 
compressive properties comparable to cancellous bone, 
thereby enhancing early fixation and structural stability 
during defect repair. Because standalone fixation using 
3D Ti6Al4V bone plate was unsuccessful in preliminary 
animal studies, two configurations—an integrated 
Ti6Al4V plate with a gradient-porous Ti6Al4V cage and 
a Ti6Al4V plate combined with a mechanically stable 
porous 3D bioceramic cage—were evaluated in vivo for 
surgical stability, osseointegration, and bone regeneration. 
This strategy may also have translational relevance for high 
tibial osteotomy, in which current grafting approaches 
remain associated with complications and variable long-
term success rates ranging from 40% to 85%.17 Figure 1 
provides a graphical overview of this research, aiming 
to achieve robust bone integration and regeneration in 
segmental tibial defects in New Zealand rabbits.

2. Materials and methods
2.1. Preparation of 3D Ti6Al4V bone plate with a 
gradient-porous cage

The FEA-optimized design of the 3D Ti6Al4V bone plate 
with a gradient-porous cage scaffold for repairing rabbit 
tibial defects was adapted from our previous report.16 The 
FEA section used the following material properties: cortical 
bone, E = 17 GPa, ν = 0.3; cancellous bone, E = 5 GPa, ν = 
0.2; bone marrow, E = 3.0 × 10−7 GPa, ν = 0.45; Ti-6Al-4V, E 
= 110 GPa, ν = 0.31; and hydroxyapatite (Hap), E = 10 GPa, 
ν = 0.3. This design effectively reduces excessive stiffness 
and mitigates stress shielding effects. A brief description 
of the design process follows: Adult New Zealand White 
rabbit models were constructed and meshed to accurately 
simulate natural bone structure. The left tibia was selected 
as the target site, and a 5-mm segmental defect was 
designed in the mid-diaphysis. To ensure high fidelity in 
FEA, CT scans (Ingenuity 128 CT, Philips, Netherlands) 
were performed and imported into InVesalius 3.1 software 
(CTI Renato Archer, Brazil) in Digital Imaging and 
Communications in Medicine (DICOM) format. Cortical 
and cancellous bones were modelled separately based on 
CT data. Following the determination of the prosthesis 
shape, fixation pattern, and 1:1 scale modeling, FEA 
was conducted. Stress distribution was simulated under 
physiologically relevant loading conditions.

An optimal 3D Ti6Al4V bone plate with a cage scaffold 
featuring a gradient porosity of 70%, 65%, 60%, 55%, and 
50% was designed. Both the standard 3D Ti6Al4V bone 
plate and the gradient-porous variant were fabricated 
via selective laser melting, yielding excellent structural 
integrity and fine pores on the scaffold surface. The bone 
plates underwent annealing to enhance stability, making 
them suitable for future clinical applications in tibial defect 
repair. The FEA confirmed that the gradient-porous design 
achieves uniform force distribution, closely mimicking 
natural bone mechanics, and is expected to minimize 
stiffness-related damage and stress shielding. These 
constructs were subsequently evaluated in vivo to assess 
fixation stability and bone regeneration. Figure 2 illustrates 
the 3D digital models and physical objects of the optimal 
3D Ti6Al4V bone plate (Figure 2A) and the gradient-
porous variant (Figure 2B).

2.2. Fabrication of interconnected porous 3D 
bioceramic cages using digital light processing

2.2.1 Materials

The 3D-printed interconnected porous bioceramic cage 
scaffold was fabricated using the raw materials and methods 
outlined in our previous study.16 The bioceramic powder 
comprised 70% β-tricalcium phosphate (β-TCP) (Sigma-

https://doi.org/10.36922/MSAM026120019


Materials Science in Additive ManufacturingMaterials Science in Additive Manufacturing Hybrid Ti6Al4V–β-TCP for tibial repair

Volume 5 Issue 3 (2026)	 4� doi: 10.36922/MSAM026120019

Aldrich, United States of America [USA]) and 30% HAp 
(CAPTALS®, Plasma Biotal Limited, United Kingdom). 
The photocurable slurry included this bioceramic powder 
mixed with ethanol, trimethylolpropane triacrylate 
(TMPTA) (Sigma-Aldrich), NIPPAm (a negative thermo-
responsive monomer; Tokyo Chemical Industry Co., Ltd., 
Japan), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide 
(a photoinitiator; Irgacure® 819, I819, Tokyo Chemical 
Industry Co., Ltd., Japan), and poly(ethylene glycol) 
diacrylate (PEGDA, 700 Da; VIEW STAR CO., LTD, 
Taiwan). All chemicals were used as received.

2.2.2 Design and fabrication of interconnected porous 
3D bioceramic cages

Although integrated 3D Ti6Al4V plate–cage fixation 
constructs can provide early mechanical stabilization of 
bone defects, their long-term use may still be associated 
with stress shielding, screw loosening, soft-tissue irritation, 
and infection. In our preliminary trial, the 3D Ti6Al4V plate 
was used alone without any interbody scaffold. The 5-mm 
segmental defect was left unfilled, requiring the plate–screw 
construct to bear all axial, bending, and torsional loads 
during ambulation. As observed in our pilot experience, 
rabbits typically resumed spontaneous standing and 
weight-bearing within 48 hours postoperatively, generating 
continuous cyclic loading across the unsupported gap. 
The resulting micromotion at the screw–bone interface 
prevented osseointegration and led to progressive screw 
loosening, followed by plate fracture at the mid-plate stress 
concentration zone. This mechanical failure confirmed 
that a plate-only bridging construct is insufficient for 
stabilizing a segmental tibial defect in a rabbit model. 
Therefore, a hybrid design consisting of an FEA-optimized 

3D Ti6Al4V bone plate and a 3D-printed interconnected 
porous bioceramic cage was adopted to stabilize the defect, 
promote early osseointegration, and support restoration of 
structural continuity and functional load transfer following 
bone regeneration (Figure 2B). Literature suggests that 
an optimal pore size for bioceramic bone graft materials 
ranges from 100 to 1,000 μm.18 Based on 1:1 CT modeling, 
a cage-shaped scaffold with interconnected pore channels 
was designed to match the 5-mm segmental defect in the 
rabbit tibial shaft (Figure 3A). The optimized 3D Ti6Al4V 
bone plate was tailored to the outer surface of the tibia and 
paired with the interconnected porous bioceramic cage 
with rounded corners to enhance surgical fit, structural 
stability, and osteoconductive bone ingrowth.

The interconnected porous 3D β-TCP cages and 
standard compression cylinder samples were fabricated 
using a top-down DLP 3D printer (Octave Light R1, 
Octave Light Ltd., Hong Kong). Based on preliminary 
process optimization, the printing parameters were set at a 
UV wavelength of 405 nm, an exposure time per layer of 5 
s, a layer thickness of 50 μm, and a 35% vol. photocurable 
ceramic slurry composed of β-TCP/HAp (70/30) powder 
dispersed in an ethanol-based NIPPAm/PEGDA/TMPTA 
system. A standard stereolithography (STL) file generated 
from a 3D CAD model created in Tinkercad® (Autodesk 
Inc., USA) was imported into the printer. After printing, 
the green bodies were washed with water and cleaned by 
ultrasonication to remove uncured slurry. The printed 
bodies were then immersed in water for 10 min to 
replace residual ethanol and facilitate thermally induced 
shrinkage of the pNIPPAm network during subsequent 
heating. Silicone oil (polydimethylsiloxane, Sigma-
Aldrich) was applied to improve uniform water release 

Figure 1. Graphical overview of the study. (A) Computed tomography (CT) scans of adult New Zealand White rabbits are used to generate a 3D skeletal 
model of the tibia, which is converted to an editable STP file for computer-aided design (CAD) software. A 5-mm segmental defect is designed in the mid-
tibial shaft as the target site. (B) An optimal 3D-printed Ti6Al4V bone plate (3D Ti6Al4V-BP) with a gradient-porous Ti6Al4V cage is developed based on 
stress distribution analysis of the natural rabbit tibia from our previous study.16 (C) Two configurations are evaluated in vivo using a rabbit tibial segmental 
defect model: the 3D Ti6Al4V-BP with a gradient-porous Ti6Al4V cage, and the 3D Ti6Al4V-BP paired with an interconnected porous bioceramic cage 
mimicking natural spongy bone. Outcomes assessed include surgical feasibility, fixation stability, and osseointegration.
Abbreviation: FEA: Finite element analysis.
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and particle packing during drying. The green bodies were 
dried at 60 °C for 1–3 h, de-binding at 500–600 °C, and 
sintered at 1,150 °C for 2 h in a muffle furnace (LH 15/14, 
Nabertherm, Germany), resulting in densified scaffold 
struts with interconnected pore channels and enhanced 
mechanical integrity (Figure 3B). After sintering, the 
predominant crystalline phase was confirmed to be β-TCP. 
The sintered compression β-TCP samples exhibited a 
compressive strength of 11.38 ± 1.72 MPa, calculated using 
the external dimensions of cylindrical specimens (φ 4.8 × 

12.0 mm). Additional physicochemical characterization 
and cytocompatibility data have been reported in our 
previous study.13 The sintered β-TCP cage, designed with 
rounded corners, was then fitted into the Ti6Al4V bone 
plate to improve defect conformity, structural stability, and 
osteoconductive bone ingrowth (Figure 3C).

2.2.3. X-ray diffraction analysis

The crystalline phases of the samples were characterized 
using X-ray diffraction (XRD) analysis (Bruker D2-Phaser, 

Figure 2. Finite element analysis (FEA)-guided design of optimized Ti6Al4V bone plate constructs based on screw and rabbit tibial models.16 (A) 
Representative digital models and printed constructs of the 3D-printed Ti6Al4V bone plate (3D Ti6Al4V-BP). (B) Integrated 3D Ti6Al4V-BP with a 
gradient-porous Ti6Al4V cage.

Figure 3. Interconnected porous bioceramic cage for tibial reconstruction. (A) The stereolithography (STL) image of the cage-shaped scaffold with 
interconnected pore-channel geometry is designed to match a 5-mm segmental defect in the mid-diaphysis of the rabbit tibia. (B) The overall appearance 
of the resected rabbit tibial specimen and the digital light processing-fabricated interconnected porous 3D bioceramic cage. (C) The interconnected porous 
3D bioceramic cage with rounded corners is designed to fit securely into the optimized 3D Ti6Al4V bone plate.
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Bruker, Germany). Measurements were performed with 
Cu-Kα radiation operating at an accelerating voltage of 30 
kV and a current of 10 mA. The diffraction patterns were 
collected over a 2θ range of 20° to 40° at a scanning rate 
of 2°/min. Prior to analysis, all samples were dried and 
ground into fine powders to ensure homogeneity. Phase 
identification was conducted by comparing the obtained 
diffraction peaks with reference data from the International 
Centre for Diffraction Data (ICDD) database.

2.2.4. Scanning electron microscopy evaluation

The surface morphology and microstructural 
characteristics of the samples were examined using 
scanning electron microscopy (SEM; JEOL JSM-6330TF, 
JEOL, Japan). Prior to imaging, all specimens were dried 
and mounted on specimen stubs using carbon tape, 
followed by sputter-coating with a thin layer of gold (Au) to 
enhance conductivity. SEM observations were performed 
at an accelerating voltage of 5 kV under high-vacuum 
conditions. Images were acquired at various magnifications 
to evaluate surface topology and pore structure.

2.3. Animal experiments

2.3.1. Establishment of tibial segmental defects in 
rabbits

This study should be regarded as a pilot investigation 
designed to provide preliminary evidence of surgical 
feasibility and early biological response. In adherence to 
the 3Rs framework governing ethical animal research, 
particularly the principle of reduction, the sample size 
(n = 3 per group) was deliberately minimized to avoid 
unnecessary use of experimental subjects at this early stage 
of implant development. Consequently, formal inferential 
statistics were not applied, and the results should be 
interpreted as exploratory rather than confirmatory. The 
preliminary findings nonetheless provide proof-of-concept 
data to inform the design of a future study incorporating a 
priori power analysis, an expanded cohort, and appropriate 
statistical rigor.

All animal procedures were approved by the Institutional 
Animal Care and Use Committee of Kaohsiung Medical 
University (KMU), Taiwan (Approval No. 108196). New 
Zealand White rabbits were housed at the KMU Animal 
Research Center, and all experimental procedures were 
performed in accordance with institutional ethical 
guidelines to minimize animal pain and discomfort. 
Six 12–13-week-old rabbits were randomly assigned to 
two experimental groups (n = 3 per group). All animals 
were male and were allocated to experimental groups by 
simple randomization using a random number draw prior 
to surgery. We acknowledge that blinding of outcome 

assessors during histological analysis was not feasible in this 
study, as the two scaffold types were readily distinguishable 
by their material appearance, rendering complete group 
concealment during tissue assessment impossible. 

All surgical procedures were performed under general 
anesthesia induced by intramuscular (IM) injection of 
ketamine (40 mg/kg) and xylazine (10 mg/kg). Prophylactic 
antibiotics (amikacin, 5 mg/kg, IM) were administered 
prior to surgery. Under sterile conditions, the left tibia 
was shaved, disinfected, and surgically exposed through 
a longitudinal incision along the medial aspect. A 5-mm 
segment of the mid-tibial shaft was removed to create a 
segmental bone defect. The cut bone ends were trimmed, 
and the defect site was irrigated with 30 mL of normal saline. 
Postoperative analgesia was provided by IM injection of 
ketorolac (1 mg/kg) for three days following surgery, in 
conjunction with continued antibiotic administration 
(amikacin, 5 mg/kg, IM) and wound care.

Two implant configurations were evaluated, both 
using the optimized 3D-printed Ti6Al4V bone plate for 
fixation: (i) an integrated Ti6Al4V plate with a gradient-
porous Ti6Al4V cage, and (ii) a Ti6Al4V bone plate 
paired with an interconnected porous 3D bioceramic cage. 
These groups were assessed in vivo for surgical feasibility, 
fixation stability, osseointegration, and bone regeneration 
in the rabbit tibial defect model. The experimental design, 
surgical procedure, and study timeline are illustrated in 
Figure S1.

2.3.2. Soft X-ray radiograph analysis

Postoperative soft X-ray radiography was performed to 
confirm implant positioning and defect alignment using 
an X-ray machine (M-100, SOFTEX, Japan) operated at 
70 kVp, 2 mA, a 44 cm source-to-film distance, and a 1.5 
s exposure time. In vivo radiographic examinations were 
conducted immediately after surgery and again before 
sacrifice to monitor construct stability and gross bone 
healing within the defect region.

2.3.3. Micro-computed tomography evaluation

In vivo micro-CT was performed at designated 
postoperative time points in anesthetized rabbits using 
a Skyscan 1076 system (Bruker, Belgium), and the 
reconstructed images were analyzed with CTAn software 
(1.23.02+). Scanning parameters included a 0.5-mm 
aluminum filter, an isotropic resolution of 9 or 35 μm, 
an X-ray voltage of 50 kV, a current of 200 μA, and an 
exposure time of 600 ms. The region of interest extended 
from the proximal tibia across the defect site to the distal 
tibia. The total volume (TV, mm3) corresponded to the 
5-mm defect region. New bone volume (BV, mm3) was 
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quantified by grayscale thresholding, in which mineralized 
tissues within grayscale values of 10–40 were segmented; 
the lower threshold included both scaffold and newly 
formed bone, whereas the higher threshold represented 
the scaffold phase alone. Accordingly, BV was calculated 
by subtracting scaffold volume from the total mineralized 
volume and was then normalized to TV for each rabbit.

2.3.4. Histological evaluation

At 90 days after implantation, the rabbits were 
euthanized for histological evaluation. Harvested tibial 
specimens were fixed in 10% neutral buffered formalin 
(KINGFEX CO., LTD., Taiwan) for 48 h, decalcified in 
14% ethylenediaminetetraacetic acid (EDTA; Sigma-
Aldrich) prepared in phosphate-buffered saline (PBS; 
Gibco, USA) for 28 days, and embedded in paraffin 
(Epredia, USA). Longitudinal and coronal sections (5-μm 
thick) were prepared using a microtome (Leica RM2255 
Fully Automated Rotary, Leica, Germany) and stained 
with hematoxylin and eosin (H&E; Sigma-Aldrich) for 
qualitative histological assessment and histomorphometric 
analysis. Digital images were analyzed using Image-Pro 
Plus 5.0 software (Media Cybernetics, Inc., USA). At 40× 
magnification, the callus area within 1 mm proximal and 
distal to the implant ends, as well as the intact cortical 
bone area of the native tibia, was measured for quantitative 
comparison.

3. Results and discussion
3.1. Microstructure, shrinkage behavior, porosity, 
and density of the interconnected porous 3D 
β-tricalcium phosphate cage

X-ray diffraction analysis (Figure S2) confirmed that 
the predominant crystalline phase of the sintered 
interconnected 3D porous bioceramic cage was β-TCP. 
SEM images (Figure 4) further revealed the characteristic 
microstructure of the DLP-fabricated β-TCP cage at 
multiple magnifications. At low magnification, the scaffold 
exhibited a well-defined square pore-channel architecture 
with pore sizes ranging from 500 to 800 μm (Figure 4A), 
which falls within the range considered favorable for bone 
regeneration, cell infiltration, and vascularization.18,19 The 
regular pore geometry also demonstrated the geometric 
fidelity achievable by DLP-based fabrication. At 100× 
magnification (Figure 4B), the scaffold showed a layered 
structure with an interlayer spacing of approximately 50–70 
μm, consistent with the layer-by-layer photocuring process. 
This microscale surface topography may contribute to cell 
attachment and tissue ingrowth.20 At higher magnifications 
(1,000× [Figure 4C] and 2,000× [Figure 4D]), the scaffold 
struts displayed a densely sintered granular morphology 
with grain sizes of approximately 0.5–5 μm. Such multiscale 

surface roughness and grain packing are characteristic of 
sintered calcium phosphate ceramics and may enhance 
both surface bioactivity and mechanical integrity.21-23

The dimensional changes of the scaffold during drying 
and sintering are summarized in Table 1. After drying 
at 60 °C, the scaffold exhibited shrinkage of 10.2 ± 0.4% 
in the X–Y direction and 5.2 ± 0.6% in the Z direction, 
without visible cracking. Following sintering, the 
shrinkage increased to 7.5 ± 0.2% in the X–Y direction 
and 10.6 ± 0.4% in the Z direction, resulting in total 
shrinkage values of 17.7% and 15.8%, respectively. The 
anisotropic shrinkage behavior is consistent with previous 
reports on DLP-printed ceramics and can be attributed 
to directional differences in interlayer particle packing, 
mesoscale porosity, and sintering-driven densification 
along the printing axis.24-26 These findings highlight the 
importance of compensating for dimensional shrinkage 
during CAD design and optimizing slurry composition 
and printing parameters to improve dimensional accuracy 
after sintering.

Table 1. The results of average shrinkage, average bulk 
density, average apparent density, and total porosity of the 
sintered interconnected porous 3D bioceramic cage

Parameter Value

Shrinkage ratio (%)

         Drying

             X–Y direction 10.2 ± 0.4

             Z direction 5.2 ± 0.6

         Sintered

             X–Y direction 7.53 ± 0.2

             Z direction 10.6 ± 0.4

Density (g/cm3)

         Bulk 1.31 ± 0.40

         Apparent 2.93 ± 0.15

Total porosity (%) 55.3

As shown in Table 1, the scaffold exhibited a bulk density 
of 1.31 ± 0.4 g/cm3 and an apparent density of 2.93 ± 0.15 
g/cm3. The apparent density approached the theoretical 
density of β-TCP (3.14 g/cm3), indicating a high degree 
of densification in the solid phase,27 whereas the lower 
bulk density reflected the intentionally preserved open 
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porous architecture. The scaffold porosity was estimated 
using bulk density and apparent density according to 
Equation 1, and was 55.3%, which falls within the range 
generally considered suitable for bone tissue engineering 
and supports cell infiltration, nutrient transport, and 
vascular invasion. Together with the apparent density 
(95.4% of theoretical) and compressive strength (11.38 ± 
1.72 MPa),13 these results indicate that the interconnected 
porous 3D β-TCP cage achieved a favorable balance 
between structural stability and biological permeability. 
Such properties are particularly important in this study, 
as the cage was intended not only to maintain the defect 
space but also to provide an osteoconductive framework 
for subsequent bone regeneration. Although more 
complex 3D architectures, such as triply periodic minimal 
surface-based porous bioceramics, have recently been 
explored to further optimize mechanical performance and 
bone ingrowth,28,29 the present study intentionally adopted 
a simple orthogonally interconnected rectangular pore 

design with 500–800 μm channels to ensure reproducible 
fabrication and to achieve compressive strength exceeding 
10 MPa for defect-site stabilization. 

( ) Bulk density % 1 100
Apparent density

Porosity = − × 	 (1)

3.2. Radiographic evaluation of postoperative 
implant stability and early bone regeneration

Postoperative radiographs were used as a qualitative 
tool to assess implant positioning, defect alignment, and 
progressive mineralized tissue formation in both treatment 
groups. In the integrated Ti6Al4V plate–gradient-porous 
Ti6Al4V cage group (Figure 5), day 1 radiographs showed 
good alignment of the implant with the rabbit tibia, 
indicating satisfactory initial fixation. By day 90, increased 
radiopacity was observed around the defect region 
(yellow arrow), suggesting progressive mineralized tissue 

Figure 4. A scanning electron microscope images the side view of a sintered interconnected porous 3D bioceramic cage at varying magnifications. 
(A) A macro-view of the sample with defined square pore channel features at 25× magnification (scale bar: 500 µm). (B) Surface morphology at 100× 
magnification with defined layer thickness (scale bar: 100 µm). (C–D) Higher-magnification views (C: 1,000×, scale bar: 10 µm; D: 2,000×, scale bar: 5.5 
µm) reveal the detailed granular structure, size, and degree of densification.
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formation and structural integration with the host bone. 
Because slight differences in limb positioning, anatomical 
orientation, and surgical handling were unavoidable across 
imaging sessions, direct comparison of radiographic 
contours between time points should be interpreted with 
caution. Accordingly, these X-ray images were primarily 
used for qualitative follow-up, whereas quantitative 
evaluation of bone regeneration was further performed 
using micro-CT and histological analyses.

The favorable radiographic appearance of the Ti6Al4V 
cage group may be related to its gradient-porous design, 
which incorporates a denser outer region to maintain 
mechanical support and a more porous inner architecture 
to facilitate tissue infiltration and vascularization. This 
design concept is consistent with previous reports showing 
that Ti6Al4V scaffolds with pore sizes of 500–600 μm and 
porosities of 60–70% provide a favorable balance between 
mechanical performance and osteogenesis.30 Gu et al.30 
demonstrated that pore geometry significantly affects 
osteointegration outcomes in long-bone defect models, 
highlighting the importance of precise architectural 
control in translational scaffold design.

In the hybrid Ti6Al4V bone plate paired with an 
interconnected porous 3D bioceramic cage group (Figure 
6), radiographs on day 1 also demonstrated satisfactory 
implant positioning and defect stabilization. At day 
90, increased radiopacity within and around the defect 
region was more evident, consistent with enhanced 
bone ingrowth and mineralized tissue deposition. This 
finding is attributable to the osteoconductive nature 
of the interconnected β-TCP cage and its 500–800 μm 
pore channels, which facilitate cell migration, nutrient 
transport, and vascular invasion.31 The bioceramic cage 
also served as a defect-guiding framework, promoting 
bone formation within the scaffold channels rather than 
complete restoration of the original cortical contour at 
this stage. Thus, the radiographic outcome suggests that 
the combined Ti6Al4V plate and porous bioceramic cage 
provided immediate mechanical fixation while supporting 
defect-directed bone regeneration. Although this 
configuration may help create a more favorable biological 
fixation environment at the bone–implant interface,32 its 
regenerative effect should be interpreted in conjunction 
with micro-CT and histological findings rather than 
from radiographs alone. At this stage, successful repair 
should not be interpreted solely as the restoration of the 
original bone contour, but rather as the establishment of a 
stable, osteointegrated construct that supports progressive 
bridging of the defect.

3.3. Ex vivo micro-computed tomography evaluation 
after bone plate removal

Figure S3 shows 35 μm-resolution micro-CT images of 
the rabbit tibial defect region after implantation of either 
the FEA-optimized 3D-printed Ti6Al4V bone plate with 
a gradient-porous Ti6Al4V cage (Figure S3A) or the FEA-
optimized 3D-printed Ti6Al4V bone plate combined with 
an interconnected porous 3D bioceramic cage (Figure 
S3B). In both configurations, severe metal artifacts from 
the Ti6Al4V bone plate substantially compromised image 
quality and prevented a reliable quantitative assessment 
of bone regeneration. In particular, the artifact was even 
more pronounced in the Ti6Al4V cage group because both 
the plate and cage were metallic. As a result, parameters 
such as BV within the defect, trabecular architecture, and 
scaffold degradation could not be accurately quantified 
from the in-situ scans alone. These observations indicate 
that alternative approaches, including histological analysis 
and ex vivo micro-CT after plate removal, are necessary for 
more reliable evaluation. 

Figure 7 presents high-resolution ex vivo micro-CT 
images (9 μm) obtained 90 days after surgery from the 
Ti6Al4V bone plate paired with an interconnected porous 
3D bioceramic cage group following plate removal. Sagittal 
(Figure 7A), coronal (Figure 7B), and axial (Figure 7C) 
views, together with the gross appearance after plate 
removal (Figure 7D), allowed distinction among host 
bone, newly formed bone, and residual calcium phosphate 
scaffold. Quantitative analysis showed that newly formed 
bone occupied 12 ± 1.4% of the defect volume. Although 
the amount of regenerated bone remained partial at this 
time point, the images clearly demonstrated bone ingrowth 
within and around the porous 3D bioceramic cage, while 
a substantial portion of the scaffold remained intact. This 
finding suggests that the calcium phosphate cage provided 
sustained structural support during the early repair stage 
while allowing progressive osteoconductive regeneration. 
Previous studies have emphasized that successful bone 
substitutes require a balance between scaffold degradation 
and new bone formation, since excessively rapid 
resorption may lead to loss of structural stability and 
impaired healing.33-35 In this context, the interconnected 
3D bioceramic cage appeared to provide a favorable 
balance between biological integration and mechanical 
support, supporting its potential utility for segmental 
bone defect repair. However, no metal artifact reduction 
algorithm was applied during micro-CT acquisition in this 
study. Quantitative morphometric analysis was therefore 
performed only after physical removal of the Ti6Al4V 
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Figure 5. The optimal 3D Ti6Al4V-BP with a gradient-porous Ti6Al4V cage is used for tibia segment bone defect fixation after surgery. Three sets of 
experimental implants are shown at (A) 1 day and (B) 90 days after surgery, emphasizing their design for segmental bone defect fixation and stabilization, 
as illustrated by radiographic imaging. Scale bars: 10 mm; magnifications: 0.6×.

Figure 6. The optimized 3D Ti6Al4V-BP is paired with an interconnected porous 3D bioceramic cage used for tibia segment bone defect fixation after 
surgery. Three sets of experimental implants on (A) day 1 and (B) day 90 after surgery, emphasizing their design for segment bone defect fixation and 
stabilization, as illustrated by radiographic imaging (X-ray). Scale bars: 10 mm; magnifications: 0.6×.
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plate, which, while effective in eliminating titanium-related 
artifacts, precluded in situ longitudinal assessment of bone 
formation beneath the intact construct.

On the other hand, quantitative micro-CT analysis was 
performed exclusively in the hybrid β-TCP cage group 
following plate removal, as metal artifacts precluded 
reliable morphometric assessment in the Ti6Al4V cage 
group. Accordingly, direct quantitative comparison 
between groups was not performed. The micro-CT 
findings for the hybrid group are therefore presented as 
descriptive, within-group observations, and should not be 
interpreted as evidence of superiority over the Ti6Al4V cage 
construct. The inability to obtain quantitative micro-CT 
morphometric data for the Ti6Al4V cage group due to 
metal artifacts represents a significant methodological 
limitation of the present study. Future investigations should 
consider the use of metal-artifact reduction algorithms and 
an alternative quantitative histomorphometric analysis 
of undecalcified sections technique to enable meaningful 
inter-group comparisons. 

Ex vivo micro-CT imaging at the terminal timepoint 

demonstrated that the β-TCP cage remained structurally 
recognizable, suggesting that complete scaffold resorption 
had not occurred within the 90-day observation period. 
A separate ex vivo degradation assay further showed 
that β-TCP specimens immersed in PBS at 37 ± 1 °C 
underwent only 1.5% mass loss over 28 days (Figure 
S4), indicating slow β-TCP specimen dissolution under 
simplified physiological conditions. Nevertheless, because 
in vivo degradation is influenced by additional biological 
factors, such as osteoclastic activity, tissue infiltration, 
vascularization, and local ionic exchange, the ex vivo PBS 
data cannot be considered a direct measure of in vivo 
degradation kinetics. Rather, these findings should be 
interpreted as complementary evidence that the scaffold 
retained structural stability during the early repair stage. 
Quantitative assessment of in vivo degradation kinetics 
will require further longitudinal investigation.

3.4. Histological evaluation of tissue ingrowth and 
bone regeneration

Because the metallic Ti6Al4V cage was difficult to section 
directly, specimens from this group were decalcified first, 

Figure 7. Ex vivo micro-computed tomography (CT) evaluation of rabbit tibial defects 90 days after implantation of the optimized 3D-printed Ti6Al4V 
bone plate (3D Ti6Al4V-BP) combined with an interconnected porous β-tricalcium phosphate bioceramic cage. After removal of the Ti6Al4V bone plate, 
high-resolution micro-CT imaging (9 μm) was performed to assess bone regeneration within the defect region. Representative cross-sectional images in 
the (A) sagittal, (B) coronal, and (C) axial planes, together with the (D) gross appearance of the tibial defect specimen after plate removal.
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and the tissue ingrown within the cage was carefully 
retrieved before embedding and sectioning. Consequently, 
the exact spatial orientation of the histological sections 
could not be precisely defined; however, the analyzed 
tissue could still be confirmed to have originated from 
within the Ti alloy scaffold. Histological examination of 
the three specimens from the gradient-porous Ti6Al4V 
cage group (Figure 8) demonstrated tissue ingrowth within 
the internal scaffold architecture. H&E staining showed 
eosinophilic extracellular matrix and hematoxylin-stained 
nuclei, consistent with newly formed tissue occupying the 
porous structure. In several regions, cells morphologically 
consistent with osteoblast-like cells were observed lining 
matrix-rich areas within the scaffold, suggesting ongoing 
bone formation. In addition, fibrous connective tissue and 
small vascular structures were present, indicating soft tissue 
integration and angiogenic infiltration. These observations 

are consistent with previous reports showing that porous 
Ti-based scaffolds can support tissue migration, matrix 
deposition, and osteogenic repair.36-38 However, because 
the sectioning approach disrupted the original scaffold–
tissue spatial relationship, this group primarily provides 
qualitative evidence of tissue ingrowth rather than precise 
histomorphometric localization. Furthermore, as reported 
for gradient-porous Ti6Al4V scaffolds, pore architecture 
strongly influences the depth and uniformity of bone 
ingrowth, whereas residual stress shielding in denser 
regions may still affect long-term interfacial remodeling.39,40 

In contrast, specimens from the FEA-optimized 
3D-printed Ti6Al4V bone plate paired with an 
interconnected porous 3D bioceramic cage could be more 
readily detached from the Ti alloy plate after 90 days of 
decalcification, allowing for more reliable histological 

Figure 8. Hematoxylin and eosin-stained histological images of tissue retrieved from the gradient-porous Ti6Al4V cage group 90 days after implantation 
in the rabbit tibial segmental defects fixed with the finite element analysis-optimized 3D Ti6Al4V bone plate. Images from three representative animals 
are shown: (A) Sample 1, (B) Sample 2, and (C) Sample 3. Red dotted boxes indicate enlarged areas. Scale bars: (left panels) 500 µm, (right panels) 200 µm; 
magnifications: (left panels) 4×, (right panels) 10×.
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evaluation (Figure S5). Histological images of all three 
specimens (Figure 9) and panoramic views (Figure S6) 
revealed substantial tissue infiltration and new bone 
formation within the porous bioceramic cage. Longitudinal 
H&E sections showed matrix-rich tissue extending from 
the host bone ends into the scaffold channels, with areas 
of trabecular-like new bone and cells morphologically 
consistent with osteoblast-like cells aligned along newly 
deposited matrix, indicating active osteogenic repair. 

Minimal multinucleated osteoclast-like cells were 
observed in these sections, suggesting that bone formation 
remained the predominant process at this stage.41 Notably, 
the extent of defect bridging and matrix maturation varied 
among animals, with Sample 2 (Figure 9B) showing a 
more organized and mature trabecular-like structure than 
the other two specimens. Overall, these findings indicate 
that the Ti6Al4V bone plate maintained fixation stability, 
whereas the interconnected calcium phosphate cage 

Figure 9. Hematoxylin and eosin-stained histological images of decalcified whole tibial defect specimens 90 days after implantation of the finite element 
analysis-optimized 3D Ti6Al4V bone plate paired with an interconnected 3D porous bioceramic cage in rabbit tibial segmental defects. Images from three 
representative animals are shown: (A) Sample 1, (B) Sample 2, and (C) Sample 3. L1–L4 indicate image locations within each specimen, and yellow dotted 
boxes indicate enlarged areas. Scale bars: (left panels) 5 mm, (first rows) 500 µm, (second rows) 200 µm, (third rows) 50 µm; magnifications: (left panels) 
1×, (first rows) 4×, (second rows) 10×, (third rows) 40×.
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provided an osteoconductive framework that supported 
progressive bone ingrowth and tissue integration.

The peripheral regions (L1 and L2) generally showed 
less organized repair tissue, including fibrous connective 
tissue, marrow-like spaces containing adipocyte-like cells, 
and early callus-like matrix, whereas the more central 
regions within the scaffold channels (L3 and L4) more 
frequently exhibited organized bone matrix and trabecular-
like structures. For example, Sample 2 (L3 and L4) showed 
a denser and more structured matrix with osteoblast-like 
lining cells, consistent with more advanced ossification, 
whereas Sample 3 (L4) showed bone matrix associated with 
visible vascular structures, suggesting active vascularized 
tissue integration. Blood vessel-like structures were 
identified in several regions, supporting angiogenesis 
within the scaffold. Together, these findings suggest that 
the interconnected porous bioceramic cage supported a 
heterogeneous yet favorable healing microenvironment 
comprising bone-forming tissue, fibrous stroma, and 
vascular components, all of which are important for defect 
repair and long-term scaffold integration.42-44 Although the 
degree of defect consolidation remained variable across 
specimens at 90 days, the overall histological pattern 
supports the osteoconductive and regenerative potential 
of the porous calcium phosphate cage in this segmental 
defect model.

Although both groups underwent the same 
decalcification protocol, the metallic nature of the 
Ti6Al4V cage necessitated manual retrieval of ingrown 
tissue prior to embedding, disrupting the original scaffold-
tissue spatial relationship. This limited the histological 
assessment of bone ingrowth distribution and depth in 
the Ti6Al4V group relative to the intact β-TCP specimens. 
Future studies should consider alternative approaches such 
as resin-embedded ground-sectioning of metallic scaffolds 
without prior tissue retrieval, or micro-CT-guided virtual 
sectioning to reconstruct 3D ingrowth patterns non-
destructively, enabling more valid inter-group histological 
comparisons.

4. Conclusion
This study presents a hybrid strategy for segmental bone 
defect reconstruction by combining a mechanically 
optimized 3D-printed Ti6Al4V bone plate with an 
osteoconductive interconnected porous 3D bioceramic 
cage. The Ti6Al4V bone plate, designed based on 
CT-derived anatomy and FEA, and fabricated by 
selective laser melting, incorporated a gradient-porous 
cage architecture (50–70%) intended to reduce stress 
concentrations and improve load transfer. Preliminary 

observations suggested that fixation with the bone 
plate alone was insufficient for maintaining stability in 
severe segmental defects, highlighting the need for an 
adjunctive regenerative scaffold. The bioceramic cage, 
fabricated by DLP using a negative thermo-responsive 
slurry system, developed into an interconnected porous 
structure with pore channels of 500–800 μm after sintering 
at 1,150 °C. The scaffold exhibited a porosity of 55.3%, 
while the ceramic struts remained highly densified, 
providing a favorable balance between structural support 
and biological permeability. XRD confirmed that the 
predominant crystalline phase after sintering was β-TCP. 
In vivo evaluation in a rabbit tibial segmental defect model 
demonstrated that both implant configurations provided 
immediate postoperative fixation. Ex vivo micro-CT 
revealed 12 ± 1.4% new bone formation within the defect 
region, and histological analysis demonstrated tissue 
infiltration, vascularization, and active bone formation 
within the scaffold. Collectively, these findings indicate that 
the Ti6Al4V bone plate provided essential early mechanical 
fixation, while the interconnected porous bioceramic 
cage supported osteoconductive healing and progressive 
defect repair. This hybrid fixation–regeneration strategy, 
therefore, shows promise for the treatment of segmental 
bone defects and warrants further validation in larger 
animal models, with potential translational relevance for 
long-bone reconstruction and high tibial osteotomy. Given 
the exploratory nature of this investigation, these findings 
should be regarded as hypothesis-generating rather than 
confirmatory. Future studies incorporating larger cohorts, 
formal statistical analysis, and appropriate control groups 
will be necessary to establish the clinical translational 
potential of this hybrid strategy.
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