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Abstract

Background and Purpose: This study aimed to optimize both ink composition and extrusion-based three-
dimensional (3D) printing parameters for the fabrication of polycaprolactone—nano-bioactive glass (PCL-BG) and
polycaprolactone—nano-bioactive glass—Dorema ammoniacum (PCL-BG-DA) composite scaffolds.

Materials and Methods: PCL was dissolved in chloroform, and sol-gel-derived 45S5 nano-bioactive glass was
incorporated into the solution. For DA-containing samples, Dorema ammoniacum powder was additionally added
to the ink formulation. The effects of nano-bioactive glass content, the polycaprolactone-to-solvent ratio, print
speed, and extrusion multiplier were evaluated using the Taguchi method. The fabricated scaffolds were
characterized in terms of printability, microstructure, and compressive properties.

Results: The results demonstrated that the nano-bioactive glass content of the ink was the most influential factor
affecting printability, compared with print speed and extrusion multiplier. Optimal printing conditions were
achieved using a polymer-to-powder ratio of 3:1, a polymer-to-solvent ratio of 1:2, a retraction value of 1.65, an
extrusion multiplier of 0.0120, and a print speed of 5. Under these conditions, scaffolds with acceptable printing
quality, high reproducibility, and considerable flexibility in both shape and size were successfully fabricated.
Scanning electron microscopy (SEM) images confirmed the presence of a porous and interconnected structure.
The incorporation of DA reduced the compressive modulus from 53.737 MPa to 38.527 MPa.

Conclusion: The simultaneous optimization of ink composition and printing parameters enabled the successful
fabrication of PCL-BG and PCL-BG-DA composite scaffolds. Nano-bioactive glass content was identified as the
primary factor governing printability, while the addition of DA preserved satisfactory printability and reduced

scaffold stiffness.
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1. Introduction

Extrusion-based 3D printing has emerged as a
promising technique for the fabrication of porous
scaffolds with controlled architectures for bone tissue
engineering applications [Koons et al.,2020; Adel et al.,
2022]. Polycaprolactone (PCL) is widely used in scaffold
fabrication due to its excellent processability,
biodegradability, and favorable mechanical properties.
However, its limited bioactivity may constrain its
biological performance [Emami et al., 2025]. The
incorporation of nano-bioactive glass into PCL has been
shown to enhance the scaffold's bioactive properties
[Janmohammadi et al., 2025; Esmaceilzadeh et al., 2021],
while the addition of Dorema ammoniacum may further
influence its structural and mechanical characteristics
[Zibaee et al., 2020; Rabizadeh & Naseri, 2023].
Nevertheless, variations in material composition can
significantly affect scaffold printability [Gautam et al.
2026; Rashid ,2026]. Therefore, this study aimed to

optimize the key material and printing parameters
involved in the fabrication of PCL-BG and PCL-BG-DA
composite scaffolds using extrusion-based 3D printing
and the Taguchi method.

2. Materials and Methods

Polycaprolactone (PCL) was dissolved in chloroform,
and 45S5 nano-bioactive glass was subsequently
incorporated into the polymer solution to prepare a
homogeneous composite ink. For the PCL-BG-DA
formulation, Dorema ammoniacum powder was added to
the optimized PCL-BG composition. A porous scaffold
with a gradient rectangular pore architecture was
designed and converted into STL format for 3D printing.
Four key parameters, namely nano-bioactive glass
content, the PCL-to-solvent ratio, print speed, and
extrusion multiplier, were evaluated using a Taguchi L9
orthogonal array. Printability was categorized as
unsuccessful, incomplete, or successful. The signal-to-
noise (S/N) ratio and analysis of variance (ANOVA) were
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employed to identify the optimal processing conditions
and to determine the relative contribution of each
parameter. The morphology and phase composition of the
printed scaffolds were characterized using scanning
electron microscopy (SEM) and X-ray diffraction
(XRD), respectively. Mechanical performance was
evaluated through compression testing.

3. Results and discussion

Among the nine Taguchi experiments, Experiments 4
and 8 achieved the highest printability scores and S/N
ratios. However, although Experiment 4 initially
demonstrated excellent printability, the printed scaffold
underwent deformation after removal from the substrate
and exhibited poor reproducibility. Therefore,
Experiment 8 was selected as the optimal condition. The
optimized parameters consisted of 25 wt.% nano-
bioactive glass in the PCL-BG composite, a
polycaprolactone-to-chloroform ratio of 1:2 (w/v), a print
speed of 5 mm/s, an extrusion multiplier of 0.0120, and a
retraction value of 1.65. Under these conditions, a 20-
layer scaffold with dimensions of approximately 20 x 20
x 6 mm?® was successfully fabricated using a 0.4 mm
nozzle.

ANOVA results indicated that nano-bioactive glass
content was the most influential parameter affecting
printability, contributing approximately 63.4% to the
observed variation (p = 0.045). Excessive nano-bioactive
glass content increased extrusion resistance and
promoted nozzle clogging, whereas the optimized
composition provided stable material flow and improved
dimensional accuracy. For the DA-containing scaffold, a
composition comprising approximately 75 wt.%
polycaprolactone, 15 wt.% nano-bioactive glass, and 10
wt.% Dorema ammoniacum exhibited the most favorable
printing performance. Higher concentrations of Dorema
ammoniacum led to nozzle blockage, whereas lower
concentrations failed to provide satisfactory processing
characteristics.

SEM images confirmed the preservation of the
designed porous architecture and revealed interconnected
cylindrical filaments with an average diameter of
approximately 410 pm, indicating good shape fidelity
and successful maintenance of the intended gradient
structure (Figure 1). XRD analysis (Figure 2) confirmed
the semi-crystalline nature of polycaprolactone and the
predominantly amorphous characteristics of the 45S5
nano-bioactive glass and Dorema ammoniacum-
containing phases. Mechanical testing demonstrated that
the compressive elastic modulus decreased from
approximately 53.737 MPa for the PCL-BG scaffold to
38.527 MPa following the incorporation of Dorema
ammoniacum. A slight reduction in compressive strength
was also observed, while the DA-containing scaffold
exhibited greater deformability under compressive
loading (Figure 3).

Figurel. SEM image of (a) PCL-BG and (b) PCL-BG-DA
composite scaffolds.
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Figure 2. XRD pattern of PCL-BG and PCL-BG-DA
composite scaffolds.
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Figure 3. Compressive Strength and Elastic Modulus of PCL-
BG and PCL-BG-DA composite scaffolds.

4. Conclusion

The Taguchi method proved to be an effective tool for
optimizing the extrusion-based 3D printing of PCL-BG
and PCL-BG-DA composite scaffolds. Nano-bioactive
glass concentration was identified as the most influential
parameter governing scaffold printability. The optimized
processing conditions enabled the fabrication of
reproducible multilayer scaffolds with preserved
interconnected porosity and satisfactory structural
fidelity. The incorporation of 10 wt.% Dorema
ammoniacum reduced scaffold stiffness and slightly
decreased compressive strength while enhancing scaffold
deformability. The findings demonstrate that the
simultaneous optimization of ink composition and
printing parameters can effectively tailor the printability,
porous architecture, and mechanical properties of PCL-
BG and PCL-BG-DA composite scaffolds. This approach
provides a well-defined processing framework for the
development of composite scaffolds, particularly for
non-load-bearing applications. Future studies should
investigate the long-term behavior of these scaffolds in
biological environments and further assess their potential
for bone tissue engineering applications.
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