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Abstract
This paper introduces a mathematical approach and additive manufacturing 
process to customize the mechanical properties of sheet gyroid bioscaffolds and 
mimicking the intricate architecture of natural bone. By defining the parameters of 
the level-set equation, scaffolds with spatially controlled porosity and anisotropic 
properties can be fabricated though digital light processing and microwave 
heating. A new susceptor-assisted hybrid pyrolysis-sintering process was developed, 
resulting in a significant enhancement in quality and mechanical properties of the 
three-dimensional (3D)-printed ceramic compared to conventional methods. The 
enhancements are originated from the improved densification, accelerated sintering 
kinetics, promotion of cristobalite phase transformation, and reduced defect volume 
under microwave heating. Sheet gyroid scaffolds with radially graded porosity and 
anisotropic properties were fabricated. Despite the porosity distribution, an increase 
in the unit cell’s aspect ratio amplified the anisotropic mechanical properties. This 
was also accompanied by a slight decrease in cell proliferation efficiency possibly 
due to variations in Gaussian curvatures.

Keywords: Biomimetic structure; Triply periodic minimal surface; Microwave 
technology; 3D Printing; Ceramic bioscaffold

1. Introduction
Ceramic bioscaffolds that mimic the physical and mechanical properties of natural human 
bone are crucial to achieve optimal bone regeneration. Achieving this involves precise 
manipulation of factors like volume fraction, pore size, and surface topography. Triply 
periodic minimal surfaces (TPMS), particularly the gyroid structure, offer promising scaffold 
design for bone regeneration.1–4 Their geometries can be meticulously controlled through 
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mathematical algorithms.5 The equation-driven architecture 
enables customization of lattice type, unit cell dimensions, 
strut sizes, volume fraction, and curvature distribution,6 
which is conducive to regulating cellular behaviors.7 Recent 
studies have demonstrated that mimicking the anisotropy 
of natural bone, along with spatially controllable porosity, 
can achieve tunable mechanical properties and reduce the 
in vivo stress shielding effect, potentially improving scaffold 
integration.8 This allows for the optimization of mechanical 
properties, enabling the creation of scaffolds that are strong 
and stiff where needed, yet lightweight and porous in other 
regions. This tunability in mechanical properties is crucial 
for matching the mechanical behavior of the scaffold to the 
surrounding bone tissue, and consequently enhances the 
integration with the host bone, promoting more effective 
bone repair and regeneration. Leveraging advanced additive 
manufacturing techniques and innovative 3D-printable 
biomaterials are expected to contribute to the development 
of functional biodevices.7,9–11 However, optimal TPMS 
design for enhanced bone regeneration remains a topic of 
ongoing research.

Three dimensional (3D) printing is a promising 
technology for producing bone implants and constructs 
due to the capability of fabricating complex, precise, and 
customized structures with controlled architectures and 
properties.12 The major advantages of 3D cell culture 
are the ability to create a realistic microenvironment for 
cells, facilitate cell–cell and cell–matrix interactions, thus 
enhancing the cell growth and proliferation.13,14 Currently, 
3D printing of ceramic can be achieved by developing 
photocurable ceramic/polymer composites followed by 
lithography-based process such as stereolithography and 
digital light processing (DLP).15–18 However, generation of 
dense 3D ceramic generally required lengthy debinding and 
sintering processes to achieve highly densified products, 
which reduce the throughput of the manufacturing process 
and limit their potential applications. To mitigate this 
limitation, susceptor-assisted microwave heating (SMWH) 
offers a promising and time-saving alternative for sintering 
ceramic specimens, due to its intrinsic heating mechanism 
that lowers sintering activation energy and processing 
temperature.19–21 Despite offering a more reliable and 
controllable sintering process,22,23 challenges such as crack 
formation associated with the rapid heating have limited its 
utilization in additive manufacturing processes.24 Further 
research is needed to improve the process and fully exploit 
the advantages of microwave (MW) technology to enhance 
the throughput of the 3D scaffolds manufacturing.

In this proof-of-concept study, we introduced a design 
methodology for creating sheet gyroid structures with 
tailored geometrical properties, employing bioinert silica 
as the model materials due to its superior mechanical 

properties and stability compared to other bioceramics. 
By controlling the parameters of the level-set equations 
of the gyroid structure, we achieved spatially controlled 
porosity and anisotropic properties, generating structures 
with radially graded porosity (40–60%) to mimic trabecular 
bone. The scaffolds were fabricated through DLP, followed 
by a susceptor-assisted hybrid pyrolysis-sintering (SHPS) 
process utilizing MW heating. This innovative method 
effectively reduces defects and mitigates crack formation 
during rapid MW sintering, leading to reduced defect 
volume by 16.81% and improved compressive strength 
by 336% compared to conventional furnace heating. 
Additionally, our study revealed that an increase in aspect 
ratio of the unit cell amplified the anisotropic mechanical 
properties of the gyroid structure. However, while the 
scaffolds exhibit minimal cytotoxicity, this adjustment 
slightly decreases cell proliferation efficiency compared to 
the uniform gyroid structure due to variations in Gaussian 
curvatures. This paper presents a design approach for 
fabricating equation-driven TPMS structures, including but 
not limited to gyroid structures, with controlled mechanical 
properties, and elucidates the correlation between geometric 
characteristics and both mechanical properties and in vitro 
cell responses. In addition to the potential of mitigating 
the stress shielding effect through computer-aided scaffold 
design, our findings also have wider implications for 
advanced biodevice development. This encompasses the 
integration of piezoelectric materials,25 enabling advanced 
functionalities such as directional biosensing capabilities.

2. Methodology
This study presents a mathematical approach and additive 
manufacturing process for fabricating different gyroid 
scaffolds with precisely controlled geometrical properties. 
Gyroid scaffolds with controlled porosity and tunable 
anisotropic characteristics were achieved by manipulating 
the double iso-surface value and the geometric parameters 
of the level-set equation. DLP technology was utilized to 
realize the gyroid design, and an innovative pyrolysis-
sintering hybridization method based on SMWH was 
implemented with the goal of improving the quality of 
the final product. Through this integrated approach, we 
aimed to demonstrate an advanced design and fabrication 
strategy of scaffolds for bone regenerative engineering, 
facilitating their broader application across various fields.

2.1. Design of graded gyroid structure with 
controlled properties
Different criteria need to be considered when designing 
a scaffold for bone tissue engineering to achieve optimal 
physical, mechanical, and morphological properties. 
Sheet gyroid-type TPMS structure was adopted due to 
its excellent interconnectivity, fluid permeability, and 
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mechanical properties.26 The geometrical properties of the 
structure can be manipulated by controlling the parameters 
of the level-set equations of the structure, which are a 
combination of trigonometric functions that satisfy the 
equation φ (x, y, z) = c. The sheet gyroids can be described 
by the following level-set equation:

	 sin(2απx) cos(2βπy) + sin(2βπy)  
	 cos(2γπz) + sin(2γπz) cos(2απx) = c

� (I)

where the geometric parameters α, β, and γ control 
the unit cell dimensions in the x, y, and z directions, 
respectively; c is a function that defines the iso-surface of 
the sheet gyroid structure which controls the thickness of 
the sheet and therefore affects the solid volume fraction (ϕ) 
of the structure. To create a solid domain, a double iso-
surface can be defined by solving –c ≤ φgy ≥ c. Scaffold with 
interconnected pores is desirable to mimic the biological 
bone tissue, as it promotes nutrient diffusion, and facilitates 
cell attachment, differentiation, and colonization.3 Studies 
have shown that TPMS scaffolds with 30–60% porosity 
exhibit reduced stress shielding effect.27 Therefore, the 
parameters α, β, and γ were fixed at 0.50, and the value of c 
ranging from 0.62 to 0.91 was identified to achieve desired 
ϕ (40–60%) of the gyroid structure. Figure 1 illustrates 
the 8 × 8 × 8 mm3 sheet gyroid structures with different 
value of ϕ, including 40% (40VF-gy), 50% (50VF-gy), 60% 
(60VF-gy), and their corresponding c values.

Graded gyroid scaffold that mimics the anisotropic 
structure of natural bone can be beneficial for mitigating 
stress shielding effect and promoting cell growth. 
Graded porosity and structural anisotropy were achieved 
by adjusting the parameters of the level-set equation 
(Equation (I)), specifically by defining the parameters for 
the unit cell dimension and a function for the iso-value  
c = C (x, y, z). Gyroid structures with varying aspect ratios of 
the unit cell were constructed by controlling the parameter γ 
(Figure 2a). It is noteworthy that the value of ϕ in the sheet 
gyroid structure remained independent of the γ value but 
showed a positive correlation with the c value (Figure 2b). 
A radially graded porosity within the gyroid scaffold was 
achieved by assigning a control function to C (x, y, z)  as follows:

	 C (x, y, z) = a(x2 + y2 + z2) + b� (II)

To mimic the pore distribution of natural bone, which 
has a denser outer part (cortical bone) and a more porous 
inner part (cancellous bone), the center porosity of the 
gyroid structure is set to 60% ((Cϕ=60% = 0.91) and the outer 
porosity to 40% (Cϕ=40% = 0.62), the coefficients value can 
be obtained as follows:
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Figure 1. 3D models for the gyroid structure with different volume fractions ϕ: 40VF-gy (ϕ = 40%, c = 0.62), 50VF-gy (ϕ = 50%, c = 0.76), and 60VF-gy 
(ϕ = 60%, c = 0.91).
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From Equations (II) and (III), the following equation 
can be obtained:

	 C (x, y, z) = 0.02(x2 + y2 + z2) + 0.62� (IV)

where d represents the width or diameter of 
the structure. Figure 2c illustrates the graded sheet 
gyroid scaffolds with different γ value (γ.25-FGgy, 
γ.33-FGgy, and γ.50-FGgy) and the corresponding 
porosity distribution within the scaffold. Computer-
aided design (CAD) models for the gyroid 
structures, including 40VF-gy, 50VF-gy, 60VF-
gy, 57.55VF-gy, γ.25-FGgy, γ.33-FGgy, and γ.50-
FGgy (Figure 2c), were generated using MSLattice.5  
Table 1 summarizes the total surface area, ϕ, and 
porosity of all gyroid structure. Besides ϕ, the total 
surface area of the structure is also affected by the γ 
and C (x, y, z) values. For the graded gyroid structures, 

although the values of ϕ are identical due to the same 
C (x, y, z) control function, the change in γ value can 
effectively tune the total surface area. This feature 
enables precise adjustment of the geometric properties 
of the cellular structure, offering a wide range of 
potential configurations.

2.2. Preparation of 3D-printed green specimens
The 3D printing was performed on a DLP printer (Admaflex 
130, the Netherlands). The 3D printing process employed 
a commercial photosensitive silicon dioxide (SiO2) slurry 
(AdmaPrint S130, the Netherlands), which had a high 
ceramic loading exceeding 75 wt.% as confirmed by the 
thermogravimetric analysis (TGA) (Figure 3a). CAD 
models of the sheet gyroid structures in STL format were 
imported into the built-in software and sliced for the 
printing process. The layer thickness of 60 µm was set with 
an exposure intensity and time of 60 mW/cm2 and 2000 
ms, respectively. After printing, the structures underwent 

Figure 2. Parametric influence on SiO2 gyroid scaffolds. (a) The effect of parameters on the volume fraction ϕ. (b) 3D unit cell model at different parameters. 
(c) Illustration of different radial graded gyroid structures (the building direction [B] of the DLP technology and the transverse direction [T] are also 
shown) and C (x, y, z) value distribution within the structure (right figure).
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development using isopropyl alcohol under ultrasonication 
for 30 min to remove excess slurry, followed by overnight 
drying in a vacuum chamber at 60°C.

2.3. Post-processing of the DLP-printed structures
This study first employed a conventional furnace 
(Nabertherm HT29/17, Germany) and a commercial 
single-mode 2.45 GHz MW furnace (HAMiLab-HV3000, 
Synotherm, China) for the debinding and sintering process 
of DLP 3D-printed specimens. A comparative study was 
performed to assess the effectiveness of the SMWH process 
for the post-processing of 3D-printed cube specimens. For 
SMWH process, a kiln with 2-mm-thick inner layer of 
silicon carbide (SiC) was used as the susceptor for assisting 
the MW heating. The temperature profile of the debinding 
was defined by the TGA of the photo-cured SiO2 slurry, as 
shown in Figure 3a and b. From the TGA and derivative 
thermogravimetric (DTG) curves within the temperature 
range of 50–800°C, weight loss started to occur at above 
325°C and a maximum weight loss was recorded at 
425.82°C. The weight loss rate reduced at around 525°C, 
signifying the decomposition of most organic matter. 
Within the test temperature, a maximum weight loss of 
21.56% was recorded.

According to the TGA result, the debinding and 
sintering profile for the 3D-printed specimens was 
established. A fast-heating rate of 20°C/min was applied 
throughout the study to exploit the merits of MW heating, 
unless otherwise specified. The same heating profile, 
involving a two-step heating as depicted in Figure 3b, was 
used for both SMWH and conventional furnace heating 
process under air atmosphere. In brief, the specimens 
underwent a 30-min dwell time at 600°C for debinding, 
followed by sintering at 1150°C for a desired dwell time. 
Subsequently, the specimens were allowed to cool down at 

a rate of 1.5°C/min to room temperature. Different dwell 
times of 10, 20, 40, 80, 120, and 180 min were selected to 
compare the efficacy of the SMWH process (specimens 
denoted as MW10m, MW20m, MW40m, MW80m, 
MW120m, MW180m) and conventional furnace heating 
(specimens denoted as CS40m, CS80m, CS120m, 
CS180m). The density, mechanical properties, and the 
structural properties of the sintered specimens were 
studied and compared.

Subsequently, an innovative SHPS process was 
employed using the MW furnace aimed at enhancing 
the properties of the sintered specimens (Figure 3c). This 
involves the following stages:

	 1.	 In the first stage, the 3D-printed green specimens were 
heated to 600°C with a dwell time of 30 min under 
nitrogen (N2) atmosphere. Then, the specimens were 
cooled at a rate of 1.5°C/min to room temperature. 
During this stage, pyrolysis instead of debinding 
of the green specimens occurred, leaving residual 
carbon after the first heating stage and retaining the 
geometrical features of the 3D-printed specimens.28

	 2.	 In the second stage, a two-step sintering process under 
air atmosphere was employed, where the specimens 
were dwell at 800°C for 10 min to completely remove 
the residual carbon, followed by a dwell at 1150°C for 
120 min. The specimens were allowed to cool down at 
a rate of 1.5°C/min to room temperature.

The quality of the specimens produced using the SHPS 
process (specimens denoted as SHPS120m) was compared 
with those fabricated using conventional furnace, which 
followed the manufacturer recommended heating profile 
with the same sintering dwell time of 120 min (specimens 
denoted as RCS120m), as shown in Figure 3d.

Table 1. Summary of the geometric properties of the different sheet gyroid structures.

Model α β γ Value of  
C (x, y, z)

Total surface area
(mm

2
)

ϕ
(%)

Designed porosity
(%)

40VF-gy 0.50 0.50 0.50 0.62 1602.8 40 60

50VF-gy 0.76 1567.3 50 50

60VF-gy 0.91 1512.5 60 40

57.55VF-gy 0.50 0.50 0.50 0.88 1525.2 57.55 42.45

γ.50-FGgy 0.50 0.50 0.50 C (x, y, z) 1551.9 57.55 42.45

γ.33-FGgy 0.33 1424.5 57.55 42.45

γ.25-FGgy 0.25 1363.8 57.55 42.45
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2.4. Characterization methods
The morphology of the 3D-printed green specimens 
and sintered specimens were observed using a scanning 
electron microscope (SEM; TESCAN VEGA3) to assess 
the presence of defects or cracks after DLP 3D printing 
and the post-thermal processing. The lateral face 
corresponding to the printing direction was observed. 
The bulk density measurement of the sintered cube 
specimens was conducted using Archimedes’ principle by 
means of a custom-made setup on a balance (Kern ADJ 
200-4, Germany) using the theoretical density of 2.2 g/
cm3 of amorphous SiO2.

29 The porosity of the 3D-printed 

green specimens and sintered specimens was analyzed by 
micro-computed tomography (µ-CT; YXLON FF35 CT, 
Germany), and the defects were captured. All specimens 
were subjected to a source voltage and current within the 
ranges of 70–80 kV and 100–110 µA, respectively. The 
Y.FXT 190.61 transmission tube, which has a 2D detail 
detectability of 150 nm, was used. X-ray radiographs 
of the specimens were recorded at various angles, and 
the projection images were then reconstructed and 
analyzed using the VGStudio Max 3.5 software. The 
phase composition of the specimens sintered under 
varying conditions was characterized using an X-ray 

Figure 3. Thermal analysis and heating profiles of 3D printed specimens. (a) Thermogravimetric analysis (TGA) and derivative thermogravimetric 
(DTG) curves of cured S130 photoresin. (b) The heating profile for the susceptor-assisted microwave heating (SMWH) process under air atmosphere. 
(c) The susceptor-assisted hybrid pyrolysis-sintering (SHPS) heating profile for debinding and sintering. (d) The heating profile as recommended by the 
manufacturer using conventional furnace (copyright permission from Admatec).
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diffractometer (XRD; SmartLab 9 kW). The specimens 
were subjected to CuKα radiation (λ = 1.54059 Å) in the 
2-theta range of 10°–80°, with a scanning rate of 10°/min, 
and operated at 45 kV and 200 mA.

The compressive properties of the sintered ceramic 
specimens were evaluated by uniaxial compression 
tests using (INSTRON 68TM-50, USA). For each set 
of 3D-printed ceramic specimens, including both cube 
and gyroid structures, three samples were tested, and 
the average results were recorded. For the cube samples, 
the load was applied along the build direction during 3D 
printing to evaluate the mechanical properties enhanced 
by the SHPS process. To evaluate the anisotropic properties 
of the graded gyroid structures, compression tests were 
performed along both the build (N) and transverse (T) 
directions (Figure 2c). The peak compressive strength 
before failure and the stress–strain behavior were recorded. 
The tests were carried out at a crosshead speed of 0.5 mm/
min until the specimen failed, following the ASTM C1424 
standard. 

2.5. In vitro cell culture experiment
Bone marrow-derived mesenchymal stem cells 
(BMSCs; Cyagen, Hong Kong) were used to examine 
the cytocompatibility of the graded gyroid scaffolds, 
including γ.50-FGgy, γ.33-FGgy, and γ.25-FGgy, with 
ϕ = 57.55%. The cell culture medium was prepared by 
α-MEM supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin. The scaffolds were disinfected 
using an autoclave and then washed with phosphate-
buffered saline (PBS). The cytocompatibility of the scaffolds 
was evaluated by seeding BMSCs onto the scaffolds. After 
putting different scaffolds in the bottom of a 24 well-plate, 
1 mL BMSC suspension (2 × 10 cells/mL) was added 
onto the scaffolds and pipetted for three times to ensure 
the cell suspension can permeate into the scaffolds. All 
samples were cultured at 37°C in an incubator with 5% 
CO2. After 6 h of cell seeding, the well-plates were changed 
to remove the unattached cells on the scaffolds. After 1, 3, 
and 7 days of incubation, the cell viability was assessed by 
Live/Dead kit according to the manufacturer’s protocol. 
The quantification of cell viability was determined by 
the ratio of the viable cells to all cells in eight randomly 
selected images. In addition, the cell number on scaffolds 
at different time points was evaluated by dissociating the 
cells with trypsin-EDTA solution and counted by the 
hemocytometer. The cell density was calculated through 
normalizing the cell number by the surface area of the 
scaffolds. To investigate the effects of the graded structure 
on cell proliferation, a uniform gyroid structure with the 
same value of ϕ, i.e., 57.55% (57.55VF-gy), was also used 
for comparison.

3. Result
3.1. Comparative study of the SMWH and 
conventional post-thermal processing

3.1.1. Effect of processing conditions on physical 
properties of the sintered ceramic 
The efficacy of SMWH process was studied through 
studying the properties of 3D-printed and sintered 
ceramic cube. The effects of sintering dwell times under the 
SMWH process and conventional debinding and sintering 
were investigated. Figure 4a presents the XRD spectra of 
the ceramic cube specimens fabricated under different 
processing conditions. For all specimens prepared through 
the conventional sintering (CS), a broad peak at 21.3° was 
detected, corresponding to the amorphous structure of 
the SiO2. A low peak intensity was observed at 21.8° for 
CS120m, indicating the formation of cristobalite phase 
under a prolonged dwell time. In contrast, almost all 
specimens fabricated through the SMWH process show 
predominate peaks for cristobalite at 21.8° and 36.1°. For 
MW120m, the intensity of the peaks increased significantly. 
More amorphous SiO2 transformed into crystal structure 
when the dwell time increased. In comparison with the CS 
process, the SMWH process facilitates rapid and efficient 
energy transfer due to the intrinsic features of MW 
heating, which also result in reduced activation energy 
for nucleation and enhanced crystallization during the 
sintering process.20

The physical properties of the sintered ceramic cube 
under different processing conditions were characterized 
in terms of their percentage shrinkage, relative density, 
and the major crystalline structure. Figure 4b depicts 
shrinkage in the length (L), width (W), and height (H) of 
the specimens. As the dwell time increased, all specimens 
exhibited an increase in shrinkage across all dimensions 
(L, W, and H). For the SMWH process, the shrinkage 
percentage of the specimens sharply increased from 
dwell time of 10 to 80 min, while the increase become 
less obvious when the dwell time further extended to 180 
min. The highest shrinkage percentages were recorded as 
7.58%, 7.67%, and 8.25% in the L, W, and H dimensions, 
respectively. Similarly, the specimens prepared through 
the CS process demonstrated similar trend of the 
shrinkage percentage as the dwell time increases, but with 
considerably lower shrinkage percentage compared to the 
SMWH process. While all specimens fabricated through 
CS process shrank almost isotropically, a higher percentage 
of shrinkage in H compared to W and L was recorded for 
the specimens prepared through the SMWH process. This 
is because during the layer-by-layer printing process, the 
sedimentation of ceramic powder creates a resin-rich 
region on top of each printing layer, forming a lamellar 
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structure in the 3D-printed specimens after curing.30 The 
lamellar structure generally disappears after the post-
thermal treatment and formed dense ceramic parts. As 
a result, after the debinding and sintering process, the 
3D-printed structures experience larger shrinkage in the H 
dimension. However, this phenomenon was not observed 
in the specimens prepared through the CS process. This 
is likely due to the incomplete debinding due to the high 
heating rate, which adversely affects the densification of 
the specimens.

The relative density of the specimens was also 
compared, as shown in Figure 4c. When subjected to the 
same heating profile, the specimens fabricated through 
the SMWH process exhibited higher relative densities 
compared to those from the CS process. The relative 
density of the MW specimens ranged from 95.38% to 
97.4%, while the CS specimens showed values ranging 
from 91.89% to 93.49%. These findings suggest that the 
SMWH process plays a significant role in promoting 

densification and the formation of a crystal structure in the 
ceramic cube specimens. The SMWH process promotes 
formation of cristobalite crystal structure in the ceramic 
cube specimen and facilitates densification, reducing the 
energy barrier for sintering compared to conventional 
furnace heating.22 As a result, density of the specimens 
closely approximates to the theoretical density value of 2.2 
g/cm3 for amorphous SiO2 due to the higher theoretical 
density value of the cristobalite structure in SiO2 than the 
amorphous form. On the other hand, specimens prepared 
through conventional heating exhibit lower relative 
density, primarily due to the fast heating rate and short 
sintering time employed. These conditions may lead to the 
incomplete removal of the organic binders before reaching 
the sintering temperature. As a result, the SiO2 particles are 
loosely in contact with each other, impeding the diffusion 
process during sintering. The SMWH process shows 
a promising result in achieving higher relative density 
compared to the conventional furnace heating, indicating 

Figure 4. Comparative analysis of 3D-printed ceramic cubes. (a) X-ray diffraction (XRD) pattern for the 3D-printed ceramic cube specimens. (b) 
Dimensional shrinkage for the ceramic cube specimens processed through susceptor-assisted microwave heating (SMWH) and conventional furnace 
heating. L, W, and H correspond to the length, width, and height of the specimens, respectively. (c) The effect of the dwell time of sintering on the relative 
density of the specimens with respect to the theoretical density of amorphous SiO2. The 3D reconstructed image obtained through micro-computed 
tomography (µ-CT) showing the defect distribution in the (d) CS120m and (e) MW120m specimens.
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its potential as a post-processing technique for 3D-printed 
green parts to produce denser and more structurally robust 
ceramic materials.

Figure 4d and e presents the 3D reconstructed image 
obtained through µ-CT showing the defect distribution 
in the CS120m and MW120m specimens, respectively. 
Abundant cracks were formed, and larger defect volumes 
were observed in the CS120m specimens after sintering 
compared to MW120m. Under conventional heating, 
the fast heating rate leads to uneven heating, creating 
thermal stress, and thus promote crack formation during 
the heating process.31 Cracks were also observed for 
the MW120m specimens, despite their smaller defect 
volume. This can be attributed to the rapid generation 
of gas from the decomposition of the binder during the 
debinding stage, leading to the formation of larger voids 
within the specimens and making them prone to crack 
formation. Besides, the cracks were found on the lamellar 
facets. Owing to the layer-by-layer formation mechanism 
inherent to the DLP technology, weak points were created 
that are susceptible to crack initiation and propagation.30 
Despite the advantages offered by the SMWH process, 
the formation of cracks may have a detrimental effect 
on the mechanical properties of the sintered specimens. 
Therefore, it becomes imperative to develop an appropriate 
heating process utilizing the MW technology in order to 
minimize defects.

3.1.2. Effect of processing conditions on 
mechanical properties
The effect of dwell time on the mechanical properties 
of the sintered ceramic cube specimens was evaluated. 
The stress–strain relations of the specimens under 
uniaxial compression are presented in Figure 5a, while 
the compressive strength and the Young’s modulus 
of the specimens are summarized in Figure 5b and c, 
respectively. The mechanical properties of the sintered 
specimens showed an increasing trend with longer dwell 
times. Specimens fabricated through the SMWH process 
exhibited better mechanical properties compared to those 
prepared through conventional furnace heating. At a dwell 
time of 10 min, the compressive strength of MW10m was 
measured to be 34.92 ± 3.49 MPa, which is 80% higher 
than that of the CS180m. The compressive strength 
sharply increased to 86.62 ± 8.2 MPa for MW120m. As 
the dwell time was further increased, the enhancement in 
compressive strength became less pronounced, reaching a 
peak of 101.35 ± 19.62 MPa for the MW180m specimens. In 
comparison, the specimens prepared using a conventional 
furnace exhibited much lower compressive strength values 
at each dwell time, indicating significant enhancement of 
mechanical properties through the SMWH process.

The Young’s modulus of the specimens prepared 
through the SMWH process shows a similar trend with 
compressive strength with longer dwell times, which 
were also notably higher compared to the specimens 
prepared through the conventional furnace heating. At a 
dwell time of 10 min, the MW10m exhibited a modulus 
of 1.94 ± 0.02 GPa, which gradually increased to 2.79 ± 
0.17 GPa for MW180. In contrast, the modulus values of 
the specimens prepared through the conventional heating 
process were over 50% lower at each dwell time, ranging 
from 0.87 ± 0.07 to 1.07 ± 0.14 GPa. The significant 
improvement in mechanical properties observed in 
the ceramic cube specimens is primarily attributed to 
the accelerated densification process facilitated by the 
SMWH process. In addition, the increased formation of 
cristobalite phase further contributes to the enhancement 
of mechanical strength.26 The specimens prepared through 
conventional heating exhibit lower relative density, and 
therefore lower mechanical strength was recorded. The 
SMWH process offers several advantages including rapid 
and more homogenous heating. This is achieved through 
a unique two-way heating mechanism that combines the 
conventional mode of heating transfer from the MW 
susceptor with the direct interaction between the MW field 
and the target materials.32 While prolonged sintering time 
can improve the mechanical properties of the specimens, it 
was found when the dwell time further increased from 120 
to 180 min, the improvement in the mechanical properties 
is limited. Consequently, a 120-min dwell time for the 
sintering stage of the ceramic specimens was chosen for 
the remaining of the study.

3.2. Susceptor-assisted hybrid 
pyrolysis-sintering process
To address defects caused by debinding and sintering and 
improve the quality of the sintered ceramic specimens, we 
developed an innovative SHPS process. Figure 6a illustrates 
the SHPS process for the DLP-printed specimens. During 
the first heating stage, instead of directly removing the 
binder in the 3D-printed structures in conventional 
process, a pyrolysis step at 600°C under N2 atmosphere 
was introduced. Based on the TGA analysis, the majority 
of heteroatoms, including oxygen and hydrogen, were 
eliminated at this temperature. Consequently, the organic 
constituents underwent a transformation into pyrolytic 
carbon, resulting in substantial structural shrinkage. 
After pyrolysis, the SiO2 particles were brought closely 
together before the complete removal of the residual 
pyrolytic carbon. This particle motion can improve the 
densification during sintering. After the pyrolysis step, 
the specimens were then subjected to a sintering step 
under air atmosphere. An intermediate heating step was 
introduced at 800°C for complete removal of the pyrolytic 
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carbon, followed by sintering at 1150°C. Throughout the 
sintering phase, the pyrolytic carbon potentially functions 
as a microwave susceptor, aiding in the heating process 
and enhancing heating uniformity.33 Due to the reduced 
gas generation and closer particle packing during the 
sintering stage, fewer defect voids were formed. This 
suppression of void formation significantly reduces crack 
formation and improves densification. This is evidenced 
by the SEM observation of the SHPS120m specimens as 
shown in Figure 6b (the red arrow indicates the location of 
cracks). In order to compare the efficacy of SMWH process 
and the SHPS process, the 3D-printed cube structures 
were also subjected to the conventional heating following 
the manufacturer’s recommendations (RCS120m). As 
shown in Figure 6c, abundant cracks can be observed for 
the sintered RCS120m specimens, regardless of the slow 
heating rate and cooling rate employed. Although the 
number of cracks was reduced compared to the MW120m 
specimens, it was still significantly higher compared to 
the SHPS120m specimens. The formation of cracks in 
RCS120m was attributed to the uneven heating resulting 
from the conventional heating mode. Moreover, the 
slow heating rate prolonged the generation and release 
of gases during the debinding process. These may lead 
to the generation of internal stress which promote the 
formation of defects including voids and cracks.34 To 
support this claim, the 3D µ-CT images of the specimens 
were compared, as shown in Figure 6e. Although cracks 
still present in the SHPS120m specimen, the volume was 
significantly reduced compared to the RCS120m and 
MW120m specimens. Table 2 summarizes the defect 
volume ratio and the relative density of the SHPS120m, 
RCS120m, and MW120m specimens. The total defect 
volume ratio for SHPS120m specimen is reduced to 
3.86%, a 16.81% reduction compared to the RCS120m 

specimen with a defect volume ratio 4.64%. Moreover, 
SHPS120m specimen also exhibits the highest relative 
density of 98.36 ± 0.54% among the three specimens. These 
findings provide evidence for higher quality of the sintered 
specimens achieved through the SHPS process.

The crystalline phases of the specimens were also 
investigated through XRD analysis, as presented in  
Figure 7a. Both SHPS120m and MW120m show similar 
XRD patterns, with predominate peaks corresponding to 
the cristobalite phase at 21.8° and 36.1°. This suggests that 
the influence of the different heating profile of under MW 
heating process is minimal compared to dwell time. In 
contrast, RCS120m exhibits a weak peak intensity only at 
21.8°, accompanied by a broad peak at 21.3°. This indicates 
that the transformation of SiO2 from amorphous phase 
to the cristobalite phase is limited, regardless of the long 
processing time under the manufacturer’s recommended 
heating profile.

Figure 7b depicts the comparison between compressive 
stress–strain curves of the SHPS120m, RCS120m, 
MW120m, and CS120m specimens. Compared to CS120m 
specimen, with a higher heating rate, the relative density 
and compressive strength of RCS120m improved by 
1.64% and 91.72%, respectively. Furthermore, the defect 
volume of RCS120m reduced significantly from 16.13% 
to 4.64%. This is mainly attributed to the gradual heating 
rate at temperatures below 600°C. This slower heating 
facilitates the slower generation and release of pyrolysis 
gases, allowing for complete binder decomposition during 
the debinding process. On the other hand, the SHPS120m 
specimens show significant improvements in mechanical 
properties. Specifically, they exhibited a compressive 
strength of 158.35 ± 19.76 MPa and a modulus of 3.14 ± 
0.04 GPa. These values represent roughly 83% and 20% 

Figure 5. Stress–strain curves (a), compressive strength (b), and Young’s modulus (c) of the 3D-printed ceramic cube specimens prepared through SMWH 
and conventional furnace heating.
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Figure 6. Morphological analysis of specimens fabricated through different processes. (a) Illustration of the pyrolysis and sintering of 3D-printed specimen 
using susceptor-assisted hybrid pyrolysis-sintering (SHPS) process. The scanning electron microscopic (SEM) images for sintered (b) SHPS120m, (c) 
RCS120m, (d) MW120m specimens, and (e) the corresponding reconstructed micro-computed tomography (µ-CT) 3D image for defect identification.
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increase, respectively, compared to MW120m. Additionally, 
compared to RCS120m, SHPS120m specimens showed 
a remarkable 336% increase in compressive strength and 
a 28% increase in Young’s modulus. The SHPS process 
leads to a much denser specimen with minimized defects, 
thereby significantly enhancing the mechanical properties. 
Therefore, this process was employed for the post-thermal 
treatment of DLP-printed sheet gyroid structures to ensure 
the quality of the 3D ceramic scaffold. The compressive 
strength and Young’s modulus of the specimens are 
summarized in Table 2.

3.3. Characterization of DLP-printed gyroid scaffold
Figure 8a shows the SEM images of the sheet gyroid 
structures before and after the SHPS process, with different 
value of ϕ. The lamellar facets were examined to identify 
any structure defects. The DLP-printed sample displayed 

a rough surface morphology, which is primarily due to the 
staircase artefacts formed from pixelated light and layer-
by-layer forming mechanism of the DLP technology.35 
As observed, the pixelated morphology became more 
pronounced after sintering, but no signs of cracks, voids, 
and delamination of layers were observed. This suggests 
that the gyroid structures were successfully sintered, 
resulting in a dense specimen through the proposed SHPS 
method. The wall thickness and the pore diameter of the 
sheet gyroid structures were also investigated using ImageJ, 
and the results are summarized in Table 3. As ϕ increased, 
the wall thickness increases, measuring at 274.1 ± 15.5, 
374.6 ± 15.1, and 475.7 ± 25.5 µm for 40VF-gy, 50VF-gy, 
and 60VF-gy, respectively. Conversely, the pore diameters 
decreased as the ϕ increased, with values of 674.3 ± 24.9, 
576.8 ± 15.0, and 528.4 ± 28.6 µm for 40VF-gy, 50VF-gy, 
and 60VF-gy, respectively.

Figure 7. Comparative analysis of specimens fabricated using different processes. (a) X-ray diffraction (XRD) pattern for SHPS120m, RCS120m, and 
MW120m. (b) The stress–strain curve of the ceramic cube specimens prepared through different heating profiles.

Table 2. Summary of the physical properties, including the defect volume ratio, relative density, compressive strength, elastic 
modulus, and hardness of the sintered SHPS120m, RCS120m specimens, and MW120m.

Sintered sample Defect volume ratio 
(%)

Relative density
(%)

Compressive strength
(MPa)

Young’s modulus
(GPa)

SHPS120m 3.86 98.36 ± 0.54 158.35 ± 19.76 3.14 ± 0.04

MW120m 7.22 96.95 ± 0.48 86.62 ± 8.2 2.61 ± 0.21

RCS120m 4.64 95.02 ± 0.61 36.35 ± 0.26 2.45 ± 0.07

CS120m 16.13 93.49 ± 0.35 18.96 ± 2.66 1.08 ± 0.05
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Figure 8b presents the surface deviation maps of the 
DLP-printed gyroid structures (before sintering) compared 
with the CAD models from the 3D µ-CT analysis. As 
observed, the surface deviation of all specimens laid 
within −250 to 250 µm. The major reason for the deviation 
is attributed to the accuracy of the DLP printer, which is 
defined by the pixel size (i.e., resolution) of the machine. 
The porosity of the DLP-printed structures was also 
evaluated through µ-CT analysis and compared with the 
designed model. The porosity of 40VF-gy, 50VF-gy, and 
60VF-gy after SHPS process were recorded as 57.30%, 
46.36%, and 41.64%, respectively. A maximum deviation 
of 7.28% was obtained, suggesting a close matching with 
the designed model.

3.4. Mechanical properties of the gyroid with and 
without structural isotropy
In Figure 9a and b, the compressive properties of the 
sheet gyroid with different value of ϕ are compared. 
The compressive strength and the Young’s modulus of 
the gyroid structure follow the trend of ϕ. The 60VF-gy 
exhibited better mechanical properties with a compressive 
strength of 15.62 ± 1.94 MPa and a modulus of 2.09 ± 0.29 

GPa, which was reduced by 90.1% and 33.4%, respectively, 
compared to the SHPS120m specimens. In contrast, 
the mechanical strength of the 40VF-gy reduced, with a 
compressive strength of 6.51 ± 0.40 MPa and a modulus 
of 1.07 ± 0.05 GPa. This is primarily due to the higher 
porosity of the specimens.

To investigate the effect of the lattice structure designs 
of the gyroid structure on the mechanical properties, 
compressive tests were conducted in both normal (N) and 
transverse (T) directions. Cubic gyroid structures having 
radial graded porosity and approximately the same porosity 
(i.e., ϕ = 57.55%) were generated using unit cells with aspect 
ratios of 1 (γ.50-FGgy), 1.5 (γ.33-FGgy), and 2 (γ.25-FGgy). 
Figure 9c depicts the compressive strength of 57.55VF-gy, 
γ.25-FGgy, γ.33-FGgy, and γ.50-FGgy, respectively. The 
compressive strength of the 57.55VF-gy was recorded as 
13.97 ± 2.20 MPa. It was observed that, despite having 
similar porosity, the anisotropic mechanical properties 
were achieved for γ.25-FGgy, γ.33-FGgy, and γ.50-FGgy 
specimens. In the transverse direction, γ.25-FGgy showed 
over a threefold increase in compressive strength compared 
to 57.55VF-gy, with a value of 44.51 ± 3.32 MPa. The aspect 

Figure 8. Characterization of SiO2 gyroid scaffolds. (a) The corresponding scanning electron microscopic (SEM) images before and after the SHPS process. 
(b) 3D Surface deviation map of the digital light processing (DLP)-printed gyroid structures with different volume fractions (≠ϕ).
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Table 3. Summary of the physical properties of the DLP-printed structures and the sintered specimens.

Sample DLP-printed structures Sintered specimens

Designed porosity 
(%)

Porosity after sintering
(%)

Deviation
(%)

Wall thickness
(µm)

Pore diameter
(µm)

40VF-gy 60 57.30 4.50% 274.1 ± 15.5 674.3 ± 24.9

50VF-gy 50 46.36 7.28% 374.6 ± 15.1 576.8 ± 15.0 

60VF-gy 40 41.64 4.10% 475.7 ± 25.5 528.4 ± 28.6 

Figure 9. Mechanical properties of SiO2 gyroid scaffolds with anisotropic properties. (a) The stress–strain curve, (b) compressive strength and Young’s 
modulus of 40VF-gy, 50VF-gy, and 60VF-gy. (c) Compressive strength of 57.55VF-gy, γ.25-FGgy, γ.33-FGgy, and γ.50-FGgy (the compression tests 
of graded gyroid structures were performed in normal [N] direction and the transverse [T] direction), and (d) the relation between the ratios of the 
compressive strength in the T direction and the N direction (i.e., σT / σN) and the aspect ratio of the unit cell.
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ratio of the unit cell and the compressive strength of the 
graded gyroid structure demonstrated a proportional 
relationship in the transverse direction. The compressive 
strengths of γ.33-FGgy and γ.50-FGgy were recorded as 
28.59 ± 5.83 and 18.40 ± 2.78 MPa, respectively. In contrast, 
as the aspect ratio decreased from 2 to 1, the compressive 
strength in the normal direction showed an increasing 
trend, rising from 6.38 ± 2.08 to 14.14 ± 1.38 MPa. The 
anisotropic properties of the specimens can be compared 
using the ratios of the compressive strength in the 
transverse direction and the normal direction (i.e., σT / σN). 
The ratio σT / σNfor γ.25-FGgy, γ.33-FGgy, and γ.50-FGgy 
are 6.97, 3.72, and 1.3, respectively. The results indicate 
that despites the pore distribution, the gyroid structure 
with a higher aspect ratio of the unit cell can result in 
higher degree of anisotropy (Figure 9d). These findings are 
particularly useful for bioscaffold design, strategy to mimic 
the anisotropic properties of native bone. This approach 
helps mitigate the stress shielding effect, thereby enhancing 
scaffold integration in vivo.

3.5. In vitro study
The cytocompatibility of the gyroid scaffolds was 
evaluated by seeding BMSCs directly onto various scaffold 
designs, including 57.55VF-gy, γ.50-FGgy, γ.33-FGgy, 
and γ.25-FGgy. To investigate the effect of the scaffolds’ 
anisotropic properties, a fixed porosity of 57.55% and 
overall dimensions of 8 × 8 × 8 mm³ were selected. Cell 
viability and proliferation were assessed at 1, 3, and 7 
days of culture. Confocal microscope images, as shown in  
Figure 10a, revealed an even distribution of cells on the 
scaffolds after 3 days. According to the live/dead cell viability 
assay (Figure 10b), all scaffold groups exhibited over 98% 
cell viability, indicating excellent cytocompatibility. The 
effects of the scaffold structures of the scaffolds were 
further evaluated by investigating cell seeding efficiency 
over different time points. The surface area of each scaffold 
model, presented in Figure 10b, shows that all scaffolds 
supported cell proliferation over the culture period, albeit 
with varying efficiencies (Figure 10c). Among the different 
specimens, the γ.50-FGgy scaffold demonstrated better cell 

Figure 10. Live/dead staining (a), cell viability (b), models surface area (c) of the scaffolds, as well as cell number (d) and cell density (e) of the gyroid 
scaffolds.
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proliferation efficiency, with a higher cell count observed 
at day 7. Conversely, the γ.25-FGgy scaffold exhibited the 
slowest cell proliferation rate. This decrease in proliferation 
rate correlates with the reduction in total surface area, 
which decreases from 1551.9 mm² for γ.50-FGgy to 1363.8 
mm² for γ.25-FGgy. Additionally, as the aspect ratio of 
the unit cell of the gyroid structures increases with lower 
γ values, the average Gaussian curvatures of the scaffolds 
are affected. This alteration in curvature can significantly 
impact the proliferation behavior of mesenchymal stem 
cells, as supported by previous studies.7,36 To further 
evaluate the cell seeding efficiency, the cell density on 
the scaffold over the 7-day culture period was calculated 
by normalizing the cell number to the surface area  
(Figure 10d). As the γ value decreased (indicating a 
higher aspect ratio), the cell counts per square millimeter 
of scaffold surface area decreased significantly, from 46 
cells/mm² for γ.50-FGgy to 33 cells/mm² for γ.25-FGgy. 
This finding suggests that while anisotropic properties of 
the scaffold can be achieved by tuning the γ value, there 
is a trade-off in cell proliferation rates. In comparison, 
the 57.55VF-gy specimens, which lacked porosity 
gradients, exhibited the highest cell density after 7 days 
of culture. This indicates that the presence of structural 
gradients, while beneficial for mimicking natural bone 
anisotropy, may reduce the overall cell proliferation 
rate due to the decreased effective surface area and 
altered curvature. Overall, these results indicate that 
gyroid scaffolds with anisotropic properties offer notable 
benefits in mimicking natural bone structures and could 
potentially mitigate in vivo stress shielding. In addition, 
designing them requires careful consideration to strike a 
balance between mechanical properties and optimal cell  
proliferation rates.

4. Discussion
This study introduces a mathematical design approach 
for customizing 3D bioscaffolds. By setting appropriate 
geometric parameters (α, β, and γ) and the iso-surface 
function C (x, y, z) in the level-set equations, sheet gyroid 
scaffolds with spatially controlled porosity and anisotropic 
properties were generated. Given that other types of TPMS 
share similar mathematical descriptions, this design 
approach does not limit to sheet gyroid structures but can 
also be applied to other TPMS variations. Moreover, we 
established an innovative SHPS processing method, utilizing 
MW heating technology, to effectively debind and sinter 
the 3D-printed ceramic green specimens. The comparison 
between SMWH process and conventional furnace heating 
highlights the advantages of MW technology in ceramic 
processing. Additionally, the SHPS process addresses 
the critical challenge associated with MW technology in 

sintering 3D-printed ceramic structures, such as crack 
formation, thus offering a promising solution to enhance 
the quality of 3D-printed ceramic scaffold. By integrating 
advanced functional materials like piezoelectric ceramics, 
this processing method will accelerate the development of 
3D-printed ceramic structures for cutting-edge biodevices.

The comparative study between SMWH process and 
conventional furnace heating revealed advantages of MW 
technology in enhancing the physical and mechanical 
properties of the ceramic specimens. The compressive 
strength of the MW120m was measured at 86.62 ± 8.2 MPa, 
over 1.8 times higher than the compressive strength of 
RCS120m. The SMWH process resulted in higher relative 
densities and different crystalline structures compared to 
conventional furnace heating, which contributed to the 
mechanical enhancement of the 3D-printed specimens. 
The SMWH process facilitates rapid and efficient energy 
transfer to 3D-printed ceramic specimens through a two-
way heating mechanism.23,32 This rapid energy transfer of 
MW heating decreases sintering activation energy and 
processing temperature,19,20 promoting densification,37 
which result in an improvement in relative density from 
95.02% to 96.95%. Additionally, the intrinsic heating 
mechanism of MW technology reduces activation energy 
for nucleation and enhances crystallization during the 
sintering process.20 Despite the significant enhancements 
in the mechanical properties, severe crack formation was 
observed, indicating the need for further improvement of 
the SMWH process.

An innovative SHPS process was established to reduce 
the defects caused by debinding and sintering. From 
the morphological and physical characterizations, the 
process led to denser ceramic specimens after sintering 
with minimized defects compared to both SMWH and 
conventional furnace heating. SEM and µ-CT analyses 
(Figure 6) confirmed the reduction in crack formation 
and defect volume in SHPS specimens. Compared with 
RCS120m which had a defect volume of 4.64%, the defect 
volume of SHPS120m was reduced by 16.80–3.86%. 
Consequently, a significant improvement in mechanical 
properties for SHPS120m specimens was recorded, with 
about 335% increase in compressive strength (158.35 ± 
19.76 MPa) and a 28.2% in Young’s modulus (3.14 ± 0.04 
GPa), respectively. 

The reduction of defects is primarily attributed to 
the additional pyrolysis step during the SHPS process. 
Unlike traditional debinding methods that involve 
removing the polymer, the polymer is transformed 
into carbon during pyrolysis. Pyrolysis transforms the 
polymer into carbon. This transformation potentially 
reduces gas formation and release during the process, 
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while particle motion occurs as the structure shrinks 
during pyrolysis. As a result, the SiO2 particles become 
tightly packed, thereby enhancing densification during 
subsequent sintering steps. This improvement leads to 
enhanced relative density and mechanical properties. 
These results highlight the promising potential of 
SHPS method as a post-processing technique for 
enhancing the quality of 3D-printed ceramic structures. 
Additionally, it is anticipated that the formulating 
photosensitive slurry with advanced functional materials 
such as piezoelectric ceramics can further enhances the 
potential of the SHPS method. Piezoelectric ceramics 
possess unique properties that enable them to convert 
mechanical energy into electrical energy and vice versa. 
By integrating piezoelectric ceramics into 3D-printed 
ceramic structures, it becomes possible to develop 
biodevices with advanced functionalities, such as sensors  
and actuators.38

To demonstrate the practical application of the SHPS 
method, gyroid scaffolds with different geometries were 
fabricated. The morphology and mechanical properties 
of the specimens were investigated. SEM images revealed 
the pixelated morphology of specimens after sintering, 
and no cracks, voids, or delamination were observed. The 
gyroid structures exhibited varying mechanical strengths 
and porosities depending on their design parameters, 
such as volume fraction and lattice structure. Results 
showed that compressive strength and Young’s modulus 
followed the trend of ϕ. As the volume fraction increases, 
the mechanical properties also increase, with the highest 
compressive strength of 15.62 ± 1.94 MPa and a modulus of 
2.09 ± 0.29 GPa for 60VF-gy. Additionally, the effects of the 
aspect ratio of the unit cell on the mechanical properties of 
gyroid structures were investigated. Gyroid scaffolds with 
anisotropic mechanical properties were fabricated despite 
having a radially graded porosity distribution. The aspect 
ratio of the unit cell structure affects the compressive 
strength of the scaffolds in the normal (σN) and transverse 
directions (σT). As the aspect ratio increased from 1 to 2, the 
ratio of σT to σN increases from 1.3 to 6.97, indicating a higher 
degree of anisotropy. The proposed mathematical design 
approach offers an effective strategy for manipulating the 
anisotropic properties of ceramic scaffolds, thus possessing 
great potential to mitigate the stress shielding effect under 
in vivo conditions and promoting bone regeneration.8 
These findings can contribute to the development of 
ceramic scaffolds with tailorable mechanical properties, 
offering promising prospects for advancing bone tissue 
engineering and regeneration applications.

In vitro cell studies were conducted to evaluate the 
cytocompatibility of gyroid scaffolds with radially graded 
structures. Confocal microscope images revealed even cell 

distribution on all scaffolds, with over 98% cell viability 
observed across all sample groups, indicating excellent 
biocompatibility. The gyroid structures demonstrated 
varying cell proliferation efficiencies, which can be 
attributed to differences in total surface area and Gaussian 
curvatures. Specifically, gyroid structures with higher 
γ values (indicating a lower aspect ratio of the unit cell) 
exhibited higher surface areas (as shown in Table 1 and 
Figure 10c), which correlated with higher cell counts. 
For example, the γ.50-FGgy scaffold showed superior 
cell proliferation efficiency, with significantly higher cell 
counts observed on day 7. In contrast, the γ.25-FGgy 
scaffold exhibited a slight decrease in cell proliferation rate. 
This variation in cell proliferation rates provides valuable 
insight into how the geometric features of graded gyroid 
structures affect regenerative performance. The findings 
suggest that increasing the surface area by adjusting the 
γ value can enhance cell attachment and proliferation, 
likely due to the increased hyperboloidal surfaces for 
cell adhesion and retention. Overall, this work presents a 
promising strategy for efficiently producing high-quality 
ceramic scaffolds with customizable geometries that can 
be tailored to specific biological needs. The ability to fine-
tune the geometric parameters of gyroid structures offers 
significant potential for optimizing scaffold design for 
various bone regeneration scenarios. However, additional 
investigation is suggested to further refine these designs 
and to optimize the gyroid structures for specific in vivo 
bone regeneration applications. Future studies should 
focus on understanding the long-term effects of these 
geometric variations on bone healing and integration, as 
well as exploring the potential for combining these scaffolds 
with bioactive coatings or growth factors to enhance their 
regenerative capabilities.

5. Conclusion
This study has successfully demonstrated a computer-
aided design approach for generating gyroid structures 
with tailored properties. By manipulating the 
geometrical parameters within the level-set equation 
of the gyroid structure, we are able to adjust the aspect 
ratio of the unit cell and fabricate structures with 
radially graded porosity that can mimic the architecture 
of trabecular bone. A rapid SMWH method was 
developed, hybridizing the pyrolysis and sintering 
process, which resulted in significant improvements 
in the structure quality. This process notably reduced 
the defect volume in the sintered ceramic structures 
by 16.81% and remarkably enhanced the compressive 
strength by 336% compared to conventional furnace 
heating methods. Furthermore, the relations between 
geometric features and both mechanical performance 
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and in vitro cellular responses were investigated. It was 
observed that an increase in the aspect ratio of the unit 
cell significantly amplified the anisotropic mechanical 
properties of the gyroid structure. However, this 
modification slightly reduced cell proliferation efficiency 
in comparison to the uniform gyroid structure, which 
can be attributed to variations in Gaussian curvatures. 
This study presented an effective design methodology 
for TPMS, including but not limited to gyroid structures, 
with tailored properties. Our methodology can be 
extended to the design of smart scaffolds incorporating 
piezoelectric materials for bone implants beyond  
traditional materials.
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