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Abstract
Extrusion-based three-dimensional (3D) printing has been rapidly advancing as 
a key technique for fabricating tissue-engineering scaffolds. However, printing 
complex structures with appropriate mechanical strength and biocompatibility 
remains a challenge. Suspended 3D printing is an emerging fabrication strategy 
that enables the generation of tissues or organs within a support medium that 
provides a stable printing environment without the need for additional support 
structures. This study presents a novel strategy for fabricating intricate scaffolds 
using suspended 3D printing of bioinks incorporating dissolved polycaprolactone 
(dPCL) and hydroxyapatite (HA). The optimized dPCL/HA bioink demonstrated up to 
an 85% reduction in print errors compared to conventional methods, significantly 
enhancing 3D printability. Moreover, mechanical assessments revealed a compressive 
Young’s modulus approximately 50 MPa higher in dPCL/HA scaffolds compared to 
dPCL scaffolds. Furthermore, dPCL/HA scaffolds outperformed both PCL and dPCL 
scaffolds in cell proliferation tests. Complex 3D shapes, including helices, saddles, 
multi-curvature structures, hollow hemispheres, and zygomatic bones, were 
successfully fabricated, demonstrating the ability to mimic natural and intricate 
anatomical structures of the human body. These approaches pave the way for 3D 
printing patient-specific and structurally robust bone constructs with enhanced 
mechanical and biological properties.
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1. Introduction
Complex bone defects resulting from fractures, 
osteoporosis, and infections pose significant challenges 
to the healing process due to the intricate biomechanical 
and biological demands of bone tissue.1-3 Addressing these 
critical requirements necessitates advanced strategies to 
accelerate healing. The implementation of biocompatible 
scaffolds represents one such strategy, offering appropriate 
mechanical and biological properties to support the 
growth of host tissue.4 Over the past few years, both 
conventional and advanced methods have been developed 
for the fabrication of tissue-engineering scaffolds. Among 
these methods, extrusion-based three-dimensional (3D) 
printing has emerged as a promising approach, enabling the 
construction of scaffolds through the repetitive, layer-by-
layer deposition of biomaterials while offering a wide range 
of material choices.5–7 However, conventional extrusion-
based printing methods face significant limitations, 
particularly in fabricating complex 3D geometries. These 
structures often require additional support, making the 
process time-consuming and less efficient.8,9

To overcome these limitations, suspended 3D printing 
was introduced as an advanced technique, enhancing 
extrusion-based 3D printing by allowing the fabrication 
of detailed structures without the need for additional 
supports.10-12 This method utilizes a support medium, such 
as a gel or viscous liquid, to facilitate freeform construction 
in multiple directions, enabling the creation of complex 
structures. Moreover, compared with conventional 
extrusion-based 3D printing, suspended 3D printing 
offers greater flexibility in material selection, which is 
particularly advantageous for fabricating functional tissue-
engineered constructs.13–15 This method also promotes the 
formation of perfusable vascular channels and supports 
the integration of native tissue components by maintaining 
the spatial fidelity of soft hydrogels. Despite these 
advancements, the application of suspended 3D printing 
in bone tissue engineering remains limited, primarily due 
to the insufficient mechanical properties of conventional 
hydrogel-based bioinks, which are often inadequate for 

load-bearing environments.16,17 More importantly, most 
studies employing room-temperature suspended printing 
have predominantly focused on hydrogel inks rather than 
thermoplastic polymers.14,15

In the fabrication of bone scaffolds, polycaprolactone 
(PCL) is widely used due to its excellent biocompatibility 
and favorable mechanical properties. In addition, 
combining PCL with hydroxyapatite (HA), which 
constitutes approximately 70% of bone composition, 
has been extensively investigated, as HA enhances the 
biofunctionality and compressive modulus of bone 
scaffolds.18–22 However, PCL, which is generally printed 
at 60°C or higher, is unsuitable for suspended printing 
in gel with high moisture content at room temperature.23 
Notably, one previous study attempted melt-printing of 
PCL within a thermally stable support matrix. However, 
this approach required printing at elevated temperatures 
above 65°C, limiting its applicability under biologically or 
thermally sensitive conditions.24

To address these challenges, this study aims to overcome 
the limitations associated with conventional 3D printing 
methods for fabricating complex bone scaffolds by utilizing 
suspended 3D printing with PCL/HA composites at room 
temperature. Accordingly, the physicochemical properties 
of the dissolved PCL (dPCL) integrated with HA were 
evaluated using Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), thermogravimetric 
analysis (TGA), contact angle analysis, scanning electron 
microscopy (SEM), and field emission SEM (FESEM). 
Additionally, the printability and rheological properties 
of the suspended 3D printing process were quantitatively 
analyzed. The rheological properties were assessed for both 
the polymer and the composites. Mechanical performance 
was evaluated under tensile and compressive loads, and 
cell proliferation was examined using the alamarBlue assay 
to assess the biological effects of the proposed strategy. A 
schematic overview of the study design is illustrated in 
Figure 1. Furthermore, Table 1 provides a comparative 
summary between the present study and previously 
published work, highlighting the novelty of this study and 
demonstrating its advantages over prior studies.

Table 1. Comparison of printing methods for bone scaffold fabrication

Method Temperature High viscosity/  
mechanical properties

Support
printing

Complexity of 
post-processing

Reference

Suspended Low Available Available Low Current study

Suspended Moderate N/A Available Low 3,6,10–15,24,40,41,52

Conventional High Variable N/A High 4,5,7,8,20,25,30,34,35,39,42,44,45,49,50,51,53,55–57

Photo-polymerization Low Available N/A High 8,43

Abbreviation: N/A, not available.
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2. Materials and methods
2.1. Hydroxyapatite synthesis
HA powder was synthesized via a wet precipitation method 
using calcium nitrate tetrahydrate (Ca(NO3)2∙4H2O; Sigma-
Aldrich, USA) and diammonium hydrogen phosphate 
(Supelco, USA). In this method, ammonium hydroxide 
solution (28%–30%) (Sigma-Aldrich, USA) was used as the 
precipitating agent. A 0.24 M solution of Ca(NO3)2∙4H2O 
was stirred vigorously at room temperature. Subsequently, 
a 0.29 M solution of diammonium hydrogen phosphate 
was slowly added to the Ca(NO3)2∙4H2O solution. The 
pH of the final mixture was adjusted to 11 by adding an 
ammonium hydroxide solution. After a reaction period of  
6 hours and an aging period of over 12 hours, the precipitate 
was filtered from the reaction solution until a neutral pH 
was reached. The filtered precipitate was dried overnight at 
90°C and subsequently calcined at 600°C for one hour in 
air to remove residual volatiles and ensure crystallinity of 
the apatite phase prior to compounding.18

2.2. Bioink and support medium preparation
A suspended bioink was prepared by dissolving PCL 
(molecular weight: 50,000; Polysciences, USA) in a binary 

solvent system consisting of dichloromethane (DCM; 
Sigma-Aldrich, USA) and dibutyl phthalate (Sigma-
Aldrich, USA) mixed at a 10:1 (v/v) ratio relative to the 
total weight of PCL and HA. This solvent system facilitated 
extrusion printing at room temperature. The resulting 
dPCL was combined with HA in a 7:3 (w/w) ratio, yielding 
a dPCL/HA composite in which HA was uniformly 
dispersed. Homogenization was achieved using a planetary 
centrifugal mixer (AR-100, THINKY Corporation, Japan). 
For comparison, PCL scaffolds were also fabricated by 
extrusion at 120°C using a customized extrusion-based 
printer. The Laponite RD-based support medium (BYK, 
Germany) was prepared at different concentrations by 
homogeneous mixing with distilled water under magnetic 
stirring at 500 rpm for 10 minutes. Subsequently, the 
mixture was transferred to a cubic-shaped container 
(40 × 40 × 40 mm3) and allowed to gel over 24 hours at 
room temperature.

2.3. Physicochemical analysis 
FTIR was conducted using an FTIR instrument (FT-4100, 
JASCO, Japan) in the scan range of 4000–650 cm-1. XRD 
analysis (Ultima IV, Rigaku, Japan) was performed using 
copper Kα radiation (λ = 1.5406 Ȧ) at 40 kV and 30 mA. 

Figure 1. Schematic illustration of the suspended three-dimensional printing process for fabricating complex structures using dissolved polycaprolactone–
hydroxyapatite composites.
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The diffraction angles (2θ) were scanned with a step size of 
0.02° per second over a range of 10°–70°. The HA powder 
and fabricated scaffolds were compared with the standard 
HA diffraction pattern (JCPDS card no. 72-1243). TGA 
(Discovery TGA 55, TA Instruments, USA) was performed 
under a nitrogen atmosphere with a heating rate of 10°C/
min up to 700°C. Contact angle analysis was performed 
using a contact angle analyzer (Phoenix-MT, Surface and 
Electro Optics, South Korea). Morphological analysis 
was conducted using FESEM operated at 15 kV (MIRA3, 
Tescan, Czech Republic) and SEM operated at 10 kV 
(Vega2, Tescan, Czech Republic). Surface roughness (Ra) 
and structural features were further characterized using 
a 3D optical profiler (VR-5200, Keyence, Japan), which 
scans samples vertically on a measurement platform.

2.4. Printability assessment
The rheological properties of the PCL/HA composites 
were assessed using a rheometer (HR-2, TA Instruments, 
USA) with a 20 mm parallel plate and a gap of 1000 μm.  
A solvent trap was used in all assessments to prevent drying. 
The frequency sweep test of the bioink was performed by 
varying the angular frequency from 0.1 to 100 rad/s at 
25°C with a strain of 0.1%. The recovery test of the support 
medium involved three steps: the first and third steps were 
performed at a shear rate of 0.1/s for 60 seconds, and the 
second step was conducted at a shear rate of 100/s for 10 
seconds. All steps were conducted at 25°C. 

Additionally, the following printing parameters were 
used: a pressure of 450 kPa and a 21-gauge (0.52 mm) 
nozzle. These parameters were applied to assess three 
factors in two different printing directions: vertical 
thickness (side), axial position error (side), and horizontal 
thickness (bottom) at nozzle speeds ranging from 1 to  
6 mm/s (Figure 3A). 

To measure the thickness of the printed strands, a 
MATLAB code was implemented to calculate the number 
of pixels, which was then multiplied by the pixel resolution 
and converted into millimeters. Any single-line section 
of the strand that did not match the expected color was 
excluded to minimize potential errors. Subsequently, the 
mean and standard deviation values were calculated. 

This study focused on the central section to assess the 
printed strand thickness. The strand step was set to 2 mm 
for thickness measurement. Thickness was evaluated using 
Equation I:

	 Strandthickness mm
P P
N
N R � (I)

where PN is the number of pixels per line, PR is the 
pixel resolution (pixels per millimeter), and N is the total 
number of pixels counted. 

Repeated layering was performed after the standard 
strand with a 2 mm step to assess axial position error. Axial 
position error was evaluated by using Equation II:

	 Axial positionerror
H H

H
O D

O

100� (II)

where HO denotes the original height of the feature, and 
HD is the deformed height of the feature.

2.5. Mechanical assessment
The mechanical properties of conventionally printed 
and suspended 3D-printed scaffolds were evaluated 
using a universal testing machine (LR5K Plus, LLOYD 
Instruments, United Kingdom). Compressive specimens 
were prepared as cubes (5 × 5 × 5 mm3), and tensile 
specimens were fabricated as rectangular plates (0.5 × 5 × 
30 mm3). All compression and tensile tests were conducted 
at a constant crosshead speed.

2.6. Biological analysis
The scaffolds were fabricated as sheets and then punched 
into discs with a 5 mm biopsy punch. After sterilization 
with 70% ethanol followed by immersion in phosphate-
buffered saline for seven days, the scaffolds were 
preconditioned in Dulbecco’s modified Eagle’s medium at 
37°C in a humidified atmosphere of 5% CO2 for 24 hours 
before cell seeding. Rat adipose-derived mesenchymal 
stem cells (rADSCs, Cyagen, USA) at passage 5 were seeded 
onto the scaffolds at a density of 2.0 × 105 cells per scaffold. 
The cells were then cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum and 
1% penicillin–streptomycin at 37°C with 5% CO2. After 
one day of cultivation, cell proliferation was determined 
using alamarBlue reagent (alamarBlue™, Invitrogen, 
USA) by incubating the scaffolds for four hours with 10% 
alamarBlue reagent at 37°C. The alamarBlue assay was 
quantified using a ultraviolet-visible spectrophotometer 
(Epoch, BioTek, USA) at absorbance wavelengths of  
570 nm and 600 nm. 

3. Results and discussion
A comprehensive physicochemical analysis was performed 
to verify the preservation of the chemical and structural 
properties of PCL and HA, confirming stable synthesis 
and efficient mixing of the materials. Figure 2A shows the 
FTIR spectra of the HA, PCL, and PCL-based composites. 
The synthesized HA exhibited characteristic peaks at 962, 
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1024, and 1088 cm–¹, attributed to P–O bending vibrations, 
along with a peak at 3573 cm–¹, corresponding to O–H 
stretching from hydroxyl groups. The spectra of PCL and 
dPCL showed peaks at 1164 and 1238 cm–¹ for C–O–C, 
1721 cm–¹ for C=O stretching of ester groups, and 2866 
and 2942 cm–¹ for C–H stretching. Notably, the spectra 
of dPCL closely resembled those of PCL, indicating that 
dissolution and processing of PCL did not significantly 
alter its chemical structure. In the dPCL/HA composite, a 
reduction in transmittance was observed at the C=O and 
C–H bonds compared with pure PCL and HA. However, 
the retention of most characteristic peaks from both PCL 
and HA confirmed that the chemical properties of these 
materials were preserved during synthesis and mixing. 
This finding indicates successful integration of HA into 
PCL without significant chemical degradation.

Figure 2B shows the XRD patterns of PCL, HA, 
and dPCL/HA, providing insights into their crystalline 
structures. The dPCL exhibited characteristic peaks at 2θ 
values of 21.5° and 23.8°, corresponding to the crystalline 
structures of PCL. These peaks were also prominent in 
the dPCL/HA composite, indicating that incorporation 
of HA did not disrupt the crystalline structure of PCL. 
The HA peaks at 2θ values of 25.87°, 31.74°, and 32.86° 
corresponded to the reference data (JCPDS card no. 72-
1243). In the dPCL/HA composite, weaker HA peaks 
were observed, suggesting partial crystallization of HA 
within the composite. Importantly, despite this partial 
crystallization, the primary crystalline features of PCL 
were preserved, as confirmed by the consistent peaks.

As illustrated in Figure 2G, TGA analysis was conducted 
to evaluate the thermal stability of the composite. HA 
demonstrated high thermal stability up to 700°C. In contrast, 

Figure 2. Characterization of PCL, dPCL, HA, and dPCL/HA scaffolds. (A) Fourier transform infrared spectra. (B) X-ray diffraction patterns. (C) Field 
emission scanning electron microscopy image of HA particles (scale bar: 100 nm; magnification: 400×). (D–F) Scanning electron microscopy images of 
(D) PCL, (E) dPCL, and (F) dPCL/HA scaffolds (scale bar: 50 μm; magnification: 1×; insets in E and F: 10 μm; magnification: 5×). (G) Thermogravimetric 
analysis curves. (H) Surface roughness profiles. (I) Contact angle values. Abbreviations: dPCL, dissolved polycaprolactone; HA, hydroxyapatite; N/A, not 
available; PCL, polycaprolactone.
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both dPCL and dPCL/HA exhibited significant weight 
loss beginning at approximately 400°C, corresponding to 
the thermal decomposition of PCL. Interestingly, dPCL/
HA retained approximately 30% residual mass at elevated 
temperatures, which was attributed to the incorporation of 
non-combustible HA within the composite. Furthermore, 
this value was consistent with the intended 7:3 (w/w) 
composition, serving as an indirect indicator of batch-
level compositional uniformity. Although the thermal 
degradation rates of both dPCL and dPCL/HA were 
slightly accelerated compared to pure PCL, the differences 
remained within acceptable limits, indicating that the 
composite materials possessed sufficient thermal stability 
for practical applications. This stability is essential for 
ensuring reliable material performance in bone tissue 
engineering applications.

The HA particles were synthesized using the wet 
method, with a size of approximately 50 nm (Figure 2C).  
Figure 2D and E shows the SEM images of PCL and 
dPCL, respectively. Although inter-pore connectivity 
was not clearly visible, micropores were distributed 
across the dPCL surface (Figure 2E). Notably, these 
micropores were not observed in pure PCL, suggesting 
that solvent evaporation induced surface porosity in 
dPCL. The microstructures observed in these samples were 
comparable to the morphological properties of specimens 
prepared via a gas foaming process.25 These findings 
supported the assumption that the microporous structure 
in dPCL formed as a direct result of DCM volatilization. 
However, in Figure 2F, dPCL/HA did not exhibit a pattern 
similar to dPCL, instead displaying irregular topography 
with HA particles and crater-like features. These findings 
confirmed that HA could fill the voids created by DCM.

As depicted in Figure 2H, dPCL/HA (16.4 ± 9.9 μm) 
exhibited significantly higher surface roughness compared 
to dPCL (3.4 ± 3.0 μm) and PCL (1.6 ± 0.7 μm). This 
increased surface roughness may provide a more suitable 
biocompatible environment. Interestingly, a notable 
difference in contact angle was observed between dPCL 
(51.44 ± 1.51°) and PCL (80.51 ± 0.17°) (Figure 2I). 
The contact angle of dPCL/HA could not be accurately 
determined, as water was fully absorbed at the initial 
stage of the assessment, possibly due to the vaporization 
of DCM and the strong hydrophilic properties of HA.26,27 
Consequently, the microporosity induced by DCM in dPCL 
significantly improved surface roughness and reduced the 
contact angle, while HA incorporation further enhanced 
these properties. These modifications are particularly 
beneficial for enhancing the bioactivity of the composite, 
as both increased surface roughness and hydrophilicity 
are strongly correlated with improved cellular attachment 

and tissue integration.28 Overall, these findings suggest 
that the dPCL/HA composite possesses favorable 
physicochemical and surface properties, making it highly 
promising for biomaterial applications, particularly in 
applications requiring enhanced biocompatibility and cell–
material interactions. Such enhancements significantly 
increase the potential of dPCL/HA composites in 
biomaterial applications.29,30

Moreover, the rheological properties of the prepared 
dPCL and dPCL/HA were assessed using a frequency 
sweep test. As shown in Figure 3B and C, the PCL-based 
ink demonstrated highly consistent viscosity. Both the 
storage modulus (G’) and the loss modulus (G”) exhibited 
a consistent, nearly linear increase with angular frequency 
ranging from 0.1 to 100 rad/s. However, the crossover 
phenomenon, typically defined as the point where G’ and 
G” intersect in hydrogel-based inks, was not observed.31,32 
The absence of a crossover point indicates that the solid-like 
viscoelastic behavior of dPCL maintains stable rheological 
properties even as the frequency increases.33–35 

The complex viscosity of both dPCL and dPCL/HA 
inks was consistently maintained at approximately 190 
Pa·s across the entire frequency range (0.1–100 rad/s). This 
stable viscosity facilitated uniform extrusion flow under 
varying shear conditions, making it particularly suitable 
for suspended 3D printing. Consequently, PCL-based 
inks exhibited stable elastic behavior even at elevated 
frequencies, indicating minimal changes in their network 
structure. These rheological properties render dPCL and 
dPCL/HA inks particularly advantageous compared to 
hydrogel-based inks, which frequently show lower viscosity 
and reduced structural stability at higher shear rates.33,36

The Laponite RD-based support medium provides 
a stable suspended 3D printing environment for dPCL 
and dPCL/HA inks. Thixotropic behavior, defined as 
a reversible decrease in viscosity under applied stress 
followed by recovery upon stress removal, is a key factor 
influencing the recovery performance of Laponite RD. This 
recovery behavior strongly depends on both the strength 
of the particle network structure and the concentration of 
Laponite RD (Figure 3D).37 At concentrations of 3% and 
4%, a noticeable gap was observed between the pre- and 
post-stress viscosities, indicating incomplete recovery due 
to insufficient network density. In contrast, the 5% and 6% 
concentrations exhibited nearly identical pre- and post-
stress viscosities, reflecting a denser particle network that 
facilitates faster recovery. However, this rapid recovery 
can hinder strand formation, as the support medium 
stabilizes quickly and prevents sufficient spreading of 
the extruded bioink to fill cracks or voids generated by 
nozzle movement.15
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Figure 3. Comprehensive evaluation of rheological properties and print performance of dPCL and dPCL/HA. (A) Schematic illustration of the printability 
assessment. (B) Storage modulus (G’), loss modulus (G”), and (C) complex viscosity from frequency sweep tests of dPCL and dPCL/HA. (D) Flow peak–
hold test of the support media with different concentrations. (E) Printing test of the support media (scale bar: 5 mm). (F) Strand thickness tests at varying 
nozzle speeds (scale bar: 2 mm). Strand thickness measurements in the (G) vertical and (H) horizontal directions. (I) Strand thickness errors for both 
vertical and horizontal directions. (J) Images of axial position error tests (scale bar: 2 mm). (K) Numerical evaluation of error rate with increasing layers. 
Abbreviations: dPCL, dissolved polycaprolactone; HA, hydroxyapatite; PCL, polycaprolactone.
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In the next step, the fixation and stability of printed 
strands were evaluated at various concentrations of the 
support medium (Figure 3E). The results showed that 
strands printed in 3%–6% Laponite solutions remained 
fixed, while the 2% concentration produced unstable 
shapes, forming irregular bioink bumps rather than defined 
structures. Although 5% and 6% concentrations provided 
sufficient fixation, the support medium trapped bubbles 
and developed crevices during the printing process. These 
structural instabilities compromised print quality by 
affecting the medium’s uniformity and consistency. Based 
on these findings, the 4% concentration was identified as 
the most reliable condition for stable suspended printing.

As shown in Figure 3F, the variation in strand thickness 
at different nozzle speeds was assessed. At a nozzle speed of 
1 mm/s, the strand thickness exceeded the nozzle diameter 
(21 G, 0.51 mm) in both orientations. However, as nozzle 
speed increased, strand thickness decreased steadily, 
ultimately dropping below the nozzle diameter. Among all 
tested speeds, a nozzle speed of 2 mm/s produced the most 
consistent and accurate strand thickness, closely matching 
the nozzle diameter in both vertical (dPCL: 0.51 ± 0.08 
mm; dPCL/HA: 0.55 ± 0.02 mm) and horizontal (dPCL: 
0.46 ± 0.11 mm; dPCL/HA: 0.50 ± 0.02 mm) orientations 
(Figure 3G and H). Accordingly, 2 mm/s was determined 
to be the optimal printing speed for achieving uniform 
extrusion with minimal thickness deviation.

Subsequently, strand thickness error was assessed in 
both vertical and horizontal orientations, as shown in 
Figure 3I. The results revealed that strand thickness errors 
varied between orientations, with vertical strands showing 
lower error than horizontal strands, indicating superior 
control and stability in the vertical direction. Compared 
to dPCL alone, the dPCL/HA composite showed a 70% 
enhancement in printability in the vertical direction and 
an 85% enhancement in the horizontal direction. This 
improvement is attributed to the presence of HA particles, 
which act as physical reinforcements within the bioink. 
These particles contributed to maintaining printed shape 
fidelity by reducing spreading and deformation following 
extrusion, thereby increasing consistency in line thickness 
and improving overall printing accuracy.23,38,39 This study 
also investigated axial position error, a key parameter in 3D 
printing. This improvement effectively reduced thickness 
errors in both vertical and horizontal orientations. 
However, the first ten layers exhibited increased deposition 
errors, with positional error values reaching approximately 
20%–25% (Figure 3K). This phenomenon is attributed to 
the unique environment of suspended 3D printing, where 
the nozzle is positioned within the support medium.12,15 
During this phase, gaps temporarily form and are 
subsequently refilled as the support medium recovers. 

During initial layer deposition, the nozzle displaces the 
previously recovered support medium surrounding the 
printed strands, significantly reducing the accuracy of 
initial deposition. 

In contrast to conventional 3D printing methods, 
suspended 3D printing necessitated a narrower vertical 
printing step size to achieve stable layering, which 
contributed to higher positional errors in the initial layers. 
Beyond the tenth layer, the positional error decreased 
significantly and stabilized at a value below 1%. This 
stabilization likely resulted from the support medium 
and nozzle reaching equilibrium, mitigating the effects 
of temporary pressure differences.15,40 Both dPCL and 
dPCL/HA inks showed nearly identical outcomes, with no 
significant differences in positional error (Figure 3I). The 
observed stabilization is crucial for achieving reliable and 
precise structures in suspended 3D printing, particularly 
for ensuring consistent accuracy in subsequent layers. 
These findings underscore the robustness and reliability of 
the printing process.

Based on these findings, suspended 3D printing offers a 
significant advantage in fabricating intricate, unsupported 
geometries that are challenging for conventional 
extrusion-based methods. As exemplified by the helical 
structure in Figure 4, this technique enabled the creation of 
continuous, linear curved forms.41 However, conventional 
extrusion techniques inherently struggle to fabricate 
complex geometries without relying on additional support 
structures.42,43 The hemisphere, saddle, and multi-curvature 
structures further demonstrated the distinct capabilities 
of suspended 3D printing for fabricating complex 
geometries without the need for internal infill or support 
structures. The hemisphere confirmed the feasibility of 
producing hollow forms in both horizontal and vertical 
orientations, thereby enhancing material efficiency and 
reducing processing time. Concurrently, the saddle and 
multi-curvature structures—defined by continuous 
topographical variation—expanded the applicability of 
suspended printing to geometries with higher structural 
complexity than flat planes.44,45 This capability to reliably 
deposit materials on surfaces with varying curvature radii 
highlights the potential of suspended 3D printing for 
freeform shape fabrication.

A more advanced and practical structure was fabricated 
to further demonstrate the feasibility of this method 
compared to conventional extrusion-based techniques. A 
natural zygomatic bone was selected for fabrication using 
the suspended 3D printing method, as its continuous 
curvature variations and multi-layered configurations 
pose technical challenges for support-free printing.46-49 
The zygomatic bone is a critical component of the facial 
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skeleton, playing an essential role in maintaining facial 
structure and protecting the ocular region. However, 
its complex, curved surface architecture renders it 
particularly vulnerable to deformation caused by gravity 
when fabricated using conventional extrusion-based 3D 
printing techniques.47,49,50 

As shown in Figure 4D, structural comparisons 
were performed using a 3D optical profiler. The printed 
zygomatic bone was vertically scanned, and deviations 
from the reference model were subsequently analyzed. 
The geometric discrepancies were quantified using 
CloudCompare software (Telecom Paris Tech and EDF 
R&D, France) and represented through a color map, with 
red indicating larger deviations and green representing 
smaller errors. The findings confirmed consistent printing 
precision across a wide range of geometries, with minimal 
substantial deviations. A comparative analysis between the 
designed STL format model and the scanned suspended 
structure revealed that increasing geometric complexity 
led to a gradual increase in average distance error, reaching 
over 0.1 mm.51,52 As shown in Figure 5, the structures 

fabricated using the suspended 3D printing method 
exhibited superior and more consistent print quality in 
all four directions (front, back, left, and right) compared 
to those produced by conventional fused deposition 
modeling techniques.8,9,53

In this study, the mechanical and biological properties 
of the scaffolds were experimentally investigated. As 
depicted in Figure 6B–E, the compressive moduli were 
measured for dPCL/HA (105.06 ± 24.87 MPa), dPCL 
(58.22 ± 0.73 MPa), and PCL (136.83 ± 22.37 MPa). 
Among all materials, dPCL had the lowest compressive 
modulus, possibly due to its morphology, as observed in 
the structural analysis, which showed higher porosity, 
potentially leading to a reduction in mechanical properties 
(see Figure 2C–F). The compressive stress–strain curve of 
dPCL/HA exhibited a significant increase after 20% strain, 
reflecting enhanced resistance to deformation under 
compressive loads. Additionally, dPCL showed a steady 
increase in stress but with lower compressive strength 
compared to dPCL/HA. The enhancement in compressive 
modulus is attributed to the conversion of porous regions 

Figure 4. Suspended 3D printing of complex structures, including a helix, saddle, multi-curvature, hemisphere, and zygomatic bone. (A) Structure designs, 
(B) suspended 3D-printed structures within the support medium (scale bar: 5 mm), (C) structures after removal of the support medium (scale bar:  
5 mm), and (D) shape fidelity analysis: average distance error (a.u.) between the reference STL and the scanned printed STL for each geometry, computed 
in CloudCompare. Abbreviation: 3D, three-dimensional.
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Figure 5. Comparison of zygomatic bone structures fabricated using suspended and conventional extrusion-based three-dimensional printing. (A–D) 
Structures printed using the conventional method in the (A) rightward, (B) leftward, (C) backward, and (D) forward directions. (E) Structures fabricated 
using suspended three-dimensional printing, shown from the front, back, left, and right views (scale bar: 5 mm).

within the scaffold into denser, non-porous structures. The 
generation of microscale voids during solvent evaporation 
was found to compromise the structural integrity of the 
material. While dPCL exhibited superior tensile strength, 
its compressive strength was reduced due to the presence 
of voids. Conversely, in the dPCL/HA composite, HA 
particles embedded within the dPCL matrix served as 

structural reinforcements, effectively compensating for 
this limitation. This enhanced mechanical support suggests 
that dPCL/HA is more suitable than dPCL alone for load-
bearing bone applications.26 Consequently, the addition of 
HA enhanced the compressive properties, consistent with 
previous studies highlighting the beneficial effects of HA in 
composite materials.20,22,54
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Figure 6. Mechanical and biological properties of PCL, dPCL, and dPCL/HA scaffolds. (A) Fabricated specimens used for mechanical assessment.  
(B) Compressive modulus and (C) tensile modulus of PCL, dPCL, and dPCL/HA. (D) Compressive modulus and (E) tensile stress–strain curves.  
(F) Specimens used for biological analysis (scale bar: 2 mm). (G) Cell proliferation of rat adipose-derived mesenchymal stem cells on various scaffolds. 
Abbreviations: dPCL, dissolved polycaprolactone; HA, hydroxyapatite; PCL, polycaprolactone.

In the tensile test, the results revealed the tensile 
moduli for dPCL/HA (116.10 ± 9.39 MPa), dPCL (178.37 
± 47.86 MPa), and PCL (394.05 ± 36.35 MPa). Contrary 
to the compressive test, dPCL showed a higher tensile 
modulus than dPCL/HA. All three bioinks exhibited a 
significant increase in stress up to 20% strain; however, 
their trends diverged thereafter depending on the material 
composition. For PCL, stress decreased after 20% strain 
until approximately 50%, after which it stabilized. In 
contrast, both dPCL/HA and dPCL maintained relatively 
stable stress profiles beyond 20% strain. Furthermore, 
dPCL/HA and dPCL demonstrated lower tensile 
performance overall, with dPCL/HA exhibiting even 
lower values than dPCL. This reduction is attributed to 
the presence of HA interfering with the intermolecular 
bonding of PCL, consistent with previous studies.1,54 
Notably, the mechanical properties of dPCL/HA fall 
within the range of tensile properties of cancellous bone, 

suggesting its potential suitability for applications in load-
bearing bone scaffolds.55,56

The cell proliferation of rADSCs on both PCL and 
PCL-based composite scaffolds was assessed using 
the alamarBlue assay (Figure 6G). The results showed 
comparable cell proliferation for PCL (100%) and dPCL 
(98.28%), while dPCL/HA (123.72%) exhibited higher 
cell proliferation than both control (PCL) and dPCL. The 
comparative analysis yielded equivalent biocompatibility 
for rADSCs cultured on both PCL and dPCL scaffolds, 
implying that dPCL did not adversely affect cellular 
viability after fabrication. However, no significant 
difference in cell proliferation was observed between PCL 
and dPCL, despite their morphological differences.30,57 In 
contrast, dPCL/HA demonstrated a marked improvement 
in cell proliferation, surpassing that of both PCL and 
dPCL. This enhancement suggests a pivotal role for HA 
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in promoting biocompatibility, supported by both the 
morphological characteristics observed in this study and 
previous findings.26 These results highlight the potential of 
dPCL/HA scaffolds for improved cell compatibility in bone 
tissue engineering applications.

4. Conclusion
In conclusion, dPCL/HA scaffolds were systematically 
evaluated using suspended 3D printing to assess both 
material and structural performance. To fabricate 
precisely controlled scaffolds, a comprehensive printability 
assessment was conducted to optimize the key printing 
parameters. The incorporation of HA into dPCL 
significantly enhanced printability, improving resolution 
by up to 85% in the horizontal direction compared to 
pure dPCL. This advancement enabled the fabrication 
of complex geometries without the need for additional 
support structures. In addition, the dPCL/HA scaffolds 
showed improved mechanical performance, with 
compressive strengths approximately 50 MPa higher than 
dPCL alone. In contrast to conventional printing methods, 
the proposed support-free suspended printing strategy 
demonstrated the capability to produce structurally 
intricate constructs. These findings suggest that the 
developed room-temperature, dPCL-based suspended 
printing approach holds significant promise for fabricating 
geometrically complex and biocompatible scaffolds in 
bone tissue engineering applications.
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